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FOREWORD 

The Reactor Development Program Progress Report, issued 
monthly, is intended to be a means of reporting those items 
of significant technical progress which have occurred in 
both the specific reactor projects and the general engineer
ing research and development programs. The report is o r 
ganized in a way which, it is hoped, gives the c learest , most 
logical overall view of progress . The budget classification 
is followed only in broad outline, and no attempt is made to 
report separately on each sub-activity number. Further , 
since the intent is to report only items of significant prog
res s , not all activities are reported each month. In order 
to issue this report as soon as possible after the end of the 
month editorial work must necessar i ly be limited. Also, 
since this is an informal progress report, the results and 
data presented should be understood to be prel iminary and 
subject to change unless otherwise stated. 

The issuance of these reports is not intended to constitute 
publication in any sense of the word. Final resul ts either 
will be submitted for publication in regular professional 
journals or will be published in the fornri of ANL topical 
reports . 

The last six reports issued 

in this ser ies are : 

March 1965 ANL-7028 

April 1965 ANL-7045 

May 1965 ANL-7046 

June 1965 ANL-7071 

July 1965 ANL-7082 

August 1965 ANL-7090 



REACTOR DEVELOPMENT PROGRAM 

Highlights of Project Activities for September 1965 

EBR-II 

Formal dedication cermonies were held at EBR-II on September 13. 

Burnup to the extent of 1.21 a/o was achieved as of September 20. 

FARET 

All design packages, except V and IX, which have been ready since 
early June, have been signed and issued. Authorization for Title III work 
has not yet been issued, which is producing problems with regard to sched
uling of construction and estimation of costs . 

A FARET Core I report was prepared and submitted to the AEC 
early in September. This report delineates the design of Core I and the R 
and D program necessary for its fabrication. 

ZPPR 

The coring of the Gravel Gertie structure was completed. P r e l i m i 
nary resul ts show that there was uranium present during the test and that 
there is a uranium gradient in the gravel. No uranium above background 
levels can be detected in the top 5 ft of gravel. 

Pre l iminary tes ts of the high velocity filtration charac ter i s t ics of the 
sand portion of the ZPPR gravel-sand roof have been started. 

AARR 

The architect-engineer for the AARR project. Burns and Roe, Inc., 
has completed the initial planning phase of the Title I effort, and has been 
authorized to proceed with the principal design phase. 

Experiments have been performed in the Criticality Facility to supply 
information needed in selecting the optimum arrangement of nuclear inst ru
mentation for the AARR core. Additional reactivity calculations were car r ied 
out to determine the effect of voids in the core and internal thermal column, 
with boron added to the core as burnable poison. An initial set of three ap
proximately full-size europia-stainless steel control blades has been received 
for worth measurements in the Criticality Facility, and for hydraulic and 
corrosion testing. 

A prototype aluminum core support grid has been machined from 
6-in. thick plate, and is being set up for an experimental s t r e s s study. 

Mater ia ls compatibility tes ts are being conducted at Oak Ridge National 
Laboratory on samples of beryll ium, aluminum and stainless steel in various 
rat ios of exposed surface area . Initial tes ts with beryll ium indicate somewhat 
lower corrosion ra tes as the exposed surface area is increased. 
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I. LIQUID-METAL-COOLED REACTORS 

A. EBR-II 

1. Operations 

The reactor was made cri t ical on September 3 to initiate a power 
run for the next incremental burnup in the row 3 subassemblies . Two 
experimental subassemblies , XG05 and XG06, had been installed in row 4. 
One-day operation at a maximum power of 50 kW showed that no further 
loading changes were necessary to reach the goal of 1.21 a/o maximuna 
burnup. 

By intermittent operation at or below 500 kW, control rods No. 3 
and 10 were calibrated by the period technique and other control rods were 
calibrated against these two. Reactor power was raised incrementally to 
45 MW while taking measurements for determination of power coefficients. 

Operation continued until September 20 to achieve the desired burn-
up and the reactor was then shut down while power coefficient measurements 
were repeated. 

The delayed-neutron monitor (Fuel Element Rupture Detector) ex
hibited some degree of instability, apparently due to noise. 

F iss ion product gases reached equilibrium in the p r imary argon 
gas at levels previously encountered as follows: Xe''^, 4 x 10"^ / iCi/ml; 
Xe"^, 1 X 10-^ juCi/ml. 

On September 13, EBR-II dedication ceremonies were held. AEC 
Commissioner Gerald Tape attended, as well as other government. The 
University of Chicago, Argonne, and community officials. 

A total of 79,734 MWdt has been accumulated in reactor operation 
to date; 391 MWdt of operation were accumulated in the last power run 
described above. 

2. Systems and Components 

a. Control Rod Drives. The gripper jaw mechanism of control 
rod drive No. 9, which was removed from the p r imary tank last month 
(see P r o g r e s s Report for August 1965, ANL-7090, p. 1), could not be ex
amined closely because of its radioactivity (approximately 50 R/hr at 
6 in.). The sensing rod of this drive was stuck in the "UP" position. 
Cleaning of the drive has been started. 

Control rod drive No. 11 was installed ea r l i e r in the No. 9 
position, but would not latch readily on the control subassembly. To 



determine whether the subassembly might be at fault, it was replaced by a 
new one. The same problem occurred. 

For current operation, control rod drive No. 11 (position 9) 
was manually latched to the new control subassembly. After the power 
run, the control rod was manually unlatched. 

During subsequent testing to investigate this problem, the con
trol drive was latched to the subassembly with the reactor cover up. The 
same problem was encountered. 

A dummy control subassembly with a top adapter "mushroom" 
of 0.955-in. OD (0.020 in. less than standard) was placed in position No. 9. 
Also, a second modification of this dummy subassembly was made by 
machining 0.020 in. off the underside of the "mushroom." Neither expedi
ent improved the latching of the gripper. 

b. Rotating Shield Plug-seal Troughs. By a vacuum cleaning 
technique approximately 21-5-lb of black powdery oxide, modules, and metal 
were removed from the large plug (a total to date of 23— lb). Small-plug 
cleaning, begun this month, yielded approximately 2-j- lb of the same type 
of mater ia l . No attempt has been made to separate the recovered oxide 
from the metal. 

The oxide removal seems to allow the large shield plug to 
rotate with somewhat less heating; the last melting tinne (to obtain plug 
rotation) was approximately 40 hr versus the 56 hr required before the 
cleaning operation. The small plug does not seem to present as great a 
problem and appears to have less black powder on the surface. 

An attempt was made to clean the upper-level thermocouple 
wells with a wire brush to determine the effect upon indicated t empera tu res . 
However, below the surface of the molten alloy, deposits apparently hindered 
brushing action. Vertical temperature profiles at several large plug loca
tions have been taken. The minimum temperature at the surface of the alloy 
was 355°F; the maximum temperature was 528°F near the bottom of the 
trough. 

Two samples of "nodular" oxides from the large plug seal trough 
were chemically analyzed and found to contain 6 w/o and 13 w/o sodium 
(expressed as sodium oxide), respectively. These resul ts are in agreement 
with previous analyses (see Progress Report for July 1965, ANL-7082, p. 2). 

c. Improved Pump for Secondary System. In April 1964, pr ior to 
start of the Approach to Power, a leak developed in the secondary-system 
pump due to cracks (fatigue failures) m the pump duct wall caused by duct 
vibration. The vibration resulted from deficiencies in the pump design 
which produced deleterious differential p ressure conditions across the wall 
at high flow ra tes . 



After repair and reinstallation of the pump, flow has been 
limited to 5500 gpm as a result of downrating of the pump by the manufac
tu re r (from the original 6500-gpm capacity). This is adequate for reactor 
operation at 45-50 MW. However, use of the very high flow ra tes required 
for full reactor power (62.5 MW) presumably would unduly increase the 
probability of failure. 

To enable future full power operation with minimal r isk of 
extended plant shutdown due to a secondary-pump failure, a l inear in
duction pump of 6500-gpm capacity at 53 psi head is being procured. De
sign improvements are expected to include a redesigned inlet t ransi t ion 
member , to reduce p r e s su re drop, and elimination of internal spacer 
supports in the duct. Delivery time is est imated by the successful bidder 
at 10 months . 

3. Reactor Physics 

Power coefficients were taken during the startup and shutdown of 
the reactor during the September 9-20 run. The shape of the power co
efficient curve was qualitatively the same as previously; the overall 
magnitude of the power coefficient was 73 and 77 Ih, respectively. The 
total reactivity lost during the 391 MWd run was 60 Ih. 

Data from the drops of the stainless steel control rod taken during 
the previous run (starting at 2400 MWd and ending at 2920 MWd indicated 
no changes in the prompt power coefficient. 

4. Surveillance of Mark I Fuel 

A surveillance p rogram to determine the condition of the EBR-II 
Mark I fuel is being conducted at both the Idaho and Illinois s i tes . M e a 
surements at Idaho include sodium-level and bond condition, internal gas 
p r e s s u r e , and diameter checks of the jacketed fuel by "go, no-go" gaging. 
Examinations at Illinois presently include dimensional and density m e a 
surements of both jacketed and stripped fuel, metal lographic inspection, 
and furnace heating t e s t s . Burst tes ts on the fuel jackets are scheduled to 
begin shortly at Illinois. 

The p r imary objective of the surveillance p rogram is to enable 
EBR-II to achieve the maximum burnup in the fuel short of excessive 
fission product re lease into the p r imary coolant. Frequent inspection 
of the fuel as reac tor operation proceeds is rel ied upon to furnish the 
information necessa ry to determine the ability of the fuel to accumulate 
additional burnup. 

The reac tor was permit ted to continue to approximately 0.8 a/o 
burnup (maximum) while fuel was being examined from lower burnup levels . 
It appeared that from then on it would be more prudent not to s tar t up the 



reactor until resul ts from the last fuel examination were available. Al
though this type of operation results in a low plant factor, it was considered 

more desirable than to increase 
seriously the r isk of numerous un
anticipated fuel-jacket fai lures. 

ACTUAL VOLUME 
INCREASE-

VOLUME 
NCREASE DUE 

TO SOLID FISSION 
PRODUCTS 

Fig. 

MAXIMUM BURMUP o / o 

1. Average Swelling in EBR-II Mark-I Bare Fuel 
(Based on Changes in Sodium Level). 

F u e l h a s now been r e m o v e d 
f rom the r e a c t o r for e x a m i n a t i o n 
af ter 1.21 a / o b u r n u p ( m a x i m u m ) . 
The da ta ava i l ab l e f r o m p r e v i o u s 
e x a m i n a t i o n s i nd i ca t e tha t the u n 
clad fuel is i n c r e a s i n g in v o l u m e 
at an a c c e l e r a t i n g r a t e , a s i s shown 
in F i g . 1. Since the p r e s s u r e -
v o l u m e r e l a t i o n s h i p in the j a c k e t e d 
fuel rod is now such tha t a s m a l l 
i n c r e a s e in fuel vo lume c a u s e s a 
l a r g e i n c r e a s e in i n t e r n a l p r e s 
s u r e , it is ev iden t tha t two s t r o n g l y 
r e in fo rc ing funct ions a r e ac t ing . 
In o the r w o r d s , s m a l l i n c r e m e n t s 

of bu rnup now r e s u l t in l a r g e i n c r e m e n t s in j acke t s t r e s s , a s s u m i n g tha t 
the j acke t does not show p l a s t i c de fo rma t ion . 

I n c r e a s e s of fuel vo lume ove r ~ 8 % can be a c c o m m o d a t e d wi thout 
j a c k e t f a i lu re only if the j acke t deve lops p l a s t i c s t r a i n . Whe the r o r not 
p l a s t i c s t r a i n can be counted upon in the r e a c t o r to r e l i e v e high j a c k e t 
s t r e s s e s before r u p t u r e i s as yet u n a n s w e r e d . The b u r s t t e s t s a r e i n 
tended to p rov ide in fo rma t ion on the ava i l ab le duc t i l i ty in the i r r a d i a t e d 
j a c k e t s at r e a c t o r ope ra t i ng t e m p e r a t u r e s . 

In addi t ion , the furnace hea t ing t e s t s now in p r o g r e s s supply helpful 
i n fo rma t ion on ava i l ab le duct i l i ty in j a c k e t s . The i r p r i m a r y p u r p o s e , 
h o w e v e r , i s to p rov ide an indica t ion of the capab i l i ty of the j a c k e t e d fuel 
to r e s i s t d i m e n s i o n a l changes or of the j a c k e t to r e s i s t r u p t u r e b e c a u s e of 
t e m p e r a t u r e r i s e s that could conce ivab ly o c c u r in the r e a c t o r c o r e b e c a u s e 
of s lower coolant flow. 

In the furnace heat ing e x p e r i m e n t s , the j a c k e t e d fuel r o d s a r e h e a t e d 
to p r o g r e s s i v e l y h ighe r t e m p e r a t u r e s of 550, 600, 650, 700, and 750°C. 
After being held for 5 m i n at e a c h t e m p e r a t u r e , the r o d s a r e coo led to 
r o o m t e m p e r a t u r e , l e a k - t e s t e d , and m e a s u r e d for d i m e n s i o n a l and d e n s i t y 
c h a n g e s . After the final hea t ing to 750°C, the j a c k e t s a r e r e m o v e d and the 
b a r e fuel p ins s i m i l a r l y m e a s u r e d for d i m e n s i o n a l and dens i t y c h a n g e s . 

The r e s u l t s with 5 rods thus far t e s t e d a r e s u m m a r i z e d in T a b l e I. 
Since the o r i g i n a l d i a m e t e r of the j a c k e t e d fuel was 4.42 m m and of the 
b a r e fuel pin 3.66 m m , it can be s e e n that s igni f icant d i m e n s i o n a l c h a n g e s 



do not occur below 750°C. Fur the rmore , fuel volume increases of over 11% 
can occur without increasing the volume of the jacketed rod more than 0.5%. 
No leaks were observed to have developed in any of the jacketed rods as a 
result of the heating tes t s , with the possible exception of Rod No. E-37. A 
questionable leak indication on the first leak test after the 750°C anneal 
could not be reproduced. 

TABLE I. Results from Furnace Heating Tests 
of EBR-II Mark-I Jacketed Fuel Rods 

Maximum 
Rod Burnup, 
No. a/o 

A-7 1.0 

(Unclad Fuel) 

E-48 1.0 

(Unclad Fuel) 

E-74 1.0 

(Unclad Fuel) 

E-37 1.1 

(Unclad Fuel) 

E-38 1.1 

(Unclad Fuel) 

Temp, 
°C 

Start 
570 
600 
650 
700 
750 
750 

Start 
570 
600 
650 
700 
750 
750 

Start 
555 
600 
645 
700 
750 
775 
775 

Start 
560 
600 
650 
700 
750 
750 

Start 
560 
600 
650 
700 
750 
750 

Avg 

Diameter, 
in. 

0.174 

-
0.176 
0.175 
0.174 
0 .174 
0.151 

0.174 

-
0.174 
0.174 
0.174 
0.174 
0 .149 

0.175 

-
-
-
-
-

0.177 
0.150 

0 .173 
0.173 
0 .174 
0 .175 
0 .174 
0.175 
0 .150 

0 .175 
0 .174 
0.174 
0 .175 
0 .175 
0 .175 
0.151 

V o l u m e 

C h a n g e , 

% 
-

- 0 . 0 1 
+0.34 
- 0 . 1 0 
- 0 . 0 3 
+0.42 
+0.58 

-
+0.77 
+0.32 
- 0 . 0 3 
- 0 . 0 5 
+0.30 

+ 11.17 

-
+0.04 
+0.03 
+0.03 
- 0 . 0 6 
- 0 . 0 2 
+0.36 

+10.38 

-
+0.01 
- 0 . 0 1 
- 0 . 0 1 
- 0 . 0 3 
+0.45 

+10.89 

-
+0.02 

0 
+0.01 
- 0 . 0 1 
+0.45 

+ 11.11 



The hea t ing t e s t s to da te p r o v i d e c o n s i d e r a b l e e n c o u r a g e m e n t tha t 
the E B R - I I M a r k - I fuel w i th as m u c h a s 1. 1 a / o b u r n u p i s c apab l e of w i t h 
s t and ing , wi thout j a c k e t r u p t u r e , j a c k e t t e m p e r a t u r e e x c u r s i o n s of at l e a s t 
200°C above n o r m a l o p e r a t i n g cond i t ions . 

F u e l e l e m e n t s f r o m s u b a s s e m b l i e s S-602 and C - 1 3 6 , r e p r e s e n t i n g 
m a x i m u m b u r n u p l e v e l s of 1.01 and 1.06 a / o , have been e x a m i n e d . The 
da ta f rom t h e s e un i t s have been combined wi th t hose ob ta ined p r e v i o u s l y , 
and a r e p r e s e n t e d g r a p h i c a l l y in F i g s . 2 and 3, wh ich show the s o d i u m 
l e v e l s and void v o l u m e s a s funct ions of m a x i m u m fuel b u r n u p in the 
a s s e m b l y . 
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Fig. 2. Variation of Sodium Level 
with Burnup 

Fig. 3. Variation of Void Volume 
with Burnup 

b ined 
on the 

In F i g . 4 , the s o d i u m - l e v e l and v o i d - v o l u m e da ta have been c o m -
to show the fuel swel l ing as burnup p r o g r e s s e s . Th i s c u r v e is b a s e d 
a s s u m p t i o n s that changes of fuel vo lume a r e m a n i f e s t a s l i n e a r 

changes in sod ium leve l and that the 
d e c r e a s e in void vo lume is c a u s e d 
by an equa l change in fuel v o l u m e . 
The s lope of t h i s c u r v e i s only 
s l ight ly g r e a t e r than could be a t 
t r i b u t e d to a c c u m u l a t i o n of sol id 
f i s s ion p r o d u c t s . P e r h a p s m o r e 
s igni f icant is the fact that no g r o s s 
swel l ing has been o b s e r v e d du r ing 
45-MW o p e r a t i o n . 
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Fig. 4. Fuel Volume Change with Burnup 
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C-131, S-601, and C-145 have also been completed. The ranges observed 
in increases in diameter are summarized in Table II. This information is 
of value in correlating the data obtained on volume increase as indicated 
by sodium level and void volume measurements . Measurements before and 
after i r radiat ion indicate a minimum diameter change based on the a s 
sumption that the maximum values occur at the same rod position. A maxi
mum possible diameter change can be ascertained by comparing the minimum 
prei r radia t ion diameter with measurement of the maximum post irradiat ion 
diameter . 

TABLE II. Summary of Diameter Increases Observed 

Subassembly 

B-314 
L-410 
C-141 
S-601 
C-145 

Calculated (10 rods from each subassembly) 
Maximum Increase in Maximum Diameter 

Burnup, a/o (post-pre), in. 

0.59 
0.67 
0.78 
0.86 
0.94 

0.000-0.001 
0.001-0.006 
0.000-0.002 
0.003-0.006 
0.002-0.006 

Table III p resen ts a comparison of the indicated volume change of 
the fuel as derived from the independent measurements of sodium level 
and void volume. 

TABLE III. Comparison of Fuel Volume Change as Indicated 
by Measurements of Sodium Level and Void Volume 

Subassembly 

C-140 
C-112 
C-143 
C-122 
C-103 
C-141 
C-145 
C-138 
C-136 

Calculated 

Maximum 

0.26 
0.42 
0.50 
0.63 
0.75 
0.79 
0.94 
0.95 
1.06 

a / o 

Bu 

Av-

rnup 

erage 

0.22 
0.38 
0.43 
0.53 
0.63 
0.62 
0.79 
0.81 
0.87 

a / o 

Volume In 

Sodium Level* 

0.07 
0.89 
1.34 
2.32 
2.57 
2.62 
3.90 
3.73 
4.93 

crease (%) 

Voi i 

No 

d Volume** 

0.79 
1.18 
1.55 
2.69 
3.19 
3.51 

valid data 
3.90 
5.51 

*Based on an initial sodium level of 0.688 in. above the fuel. 
**Based on an initial void volume of 0.487 cc. 

Subassemblies C-104 and C-142, which represent maximum burnup 
levels of 1.21 a /o , a re presently being examined. 



5. Fuel Cycle Facili ty 

a. Fuel Handling. Forty-one subassembly t ransfers involving 
both the reactor grid and the storage basket were performed during the 
month. 

b. Fuel Processing and Fabrication. An i r radiated control rod 
subassembly (S-601, of 1.0 max a/o burnup) was received from the r e 
actor, dismantled, examined, and processed. Six refabricated subassem
blies were t ransferred to the reactor . 

About 300 elements were decanned during the period. A 
graphite bearing on the upper drive shaft of the decanner seized, and the 
unit was replaced with a spare while the malfunctioning decanner is being 
decontaminated and repaired. 

Nine melt-refining runs and corresponding skull-oxidation runs 
were completed. Ingot yields ranged from 90.8 to 96.2%, with one exception 
in which some oxidized charge mater ia l was used and the yield was 87%. 
The ingots produced provided part of the mater ia l for 10 injection-casting 
runs in which the average yield of metal cast was 70.5%. 

In the processing of 1120 pregnant molds from 11 injection-
casting runs, the yield of acceptable rods was 64%. Pr incipal causes for 
rejection were castings too short to shear, castings short after shearing, 
diameter defects, and porosity. Assembly, welding, leak test ing, bonding, 
and bond testing operations were carr ied out, and 364 acceptable elements 
were t ransfer red for use in subassembly manufacture (additional acceptable 
elements are in process) . Five core-type assemblies v/ere fabricated. 
Poor welds noted on one assembly suggested removal of the welding guns 
for examination. The electrodes were found to be worn and were replaced. 

c. Blanket Decanner. Preoperational tes ts of a decanning 
machine for the EBR-II blanket elements have been connpleted and the 
machine is being shipped to Idaho for installation in the Argon Cell of the 
Fuel Cycle Facility. 

The decanner will accommodate either the short blanket e le 
ments from the core and blanket subassemblies or the long elements from 
the blanket subassemblies. The short elements contain two, 0.316 in. dia x 
9 in. long, uranium rods; the long elements contain five, 0.433 in. dia x 
11 in. long, uranium rods. The elements are loaded into a suitable length-
transfer magazine in the Air Cell, t ransfer red to the Argon Cell, and the 
t ransfer magazine is then placed in position on the decanner. The elements 
are individually placed into the decanner with a mas t e r - s l ave manipulator. 
Each element is then lowered by the feed mechanism against the stop plate 
to gauge the location of the cut. The cladding is cut near the ends of the 
uranium rods contained in the element by rotating the element as it is 
forced against a rolling cutter. 



The short lengths of elements are placed in the heated magazine 
with the mas t e r - s l ave manipulator. The heated magazine is maintained at 
600°F; about 2 min are required to melt the sodium bonding between the 
uranium rod and the cladding. A stepped hole just below the heated maga
zine retains the cladding while the rod is pushed out by a pneumatically 
powered ram. The stepped hole is then opened and the cladding is allowed 
to fall into a scrap container. 

The entire machine is designed for moderate ease of remote 
repair of its subassemblies . Locating pins, guide surfaces, lifting handles 
and captive screws were used throughout to facilitate this . 

Utilization of a mas te r - s l ave manipulator for most of the 
handling, indexing, and positioning operations has allowed this machine to 
be much simpler than if switch-controlled manipulators were used or if 
the machine were built to incorporate all of these functions. 

B. FARET 

1. General 

There has been no change in the status of the Archi tect -Engineer ' s 
portion of the Title II design during the month. The design is essentially 
complete and all design packages have been signed and issued, except 
Packages V and IX. The lat ter package drawings and specifications have 
been ready for signature since early June. Approval is being withheld 
until f irm guidance has been received from the Commission relative to 
the start of construction. 

Pending authorization to proceed with Title III, work at the 
Architect-Engineer offices is at a very low level, requiring approxi
mately 3 or 4 men full t ime. The efforts of these people have been di
rected toward the following: 

a. Minor revisions of design Packages III, Liquid Metal Heat 
Exchangers , and IV, Liquid Metal Pumps. A formal revision of these 
design packages is not planned until authorization to proceed with p r o 
curement has been received from the Commission. 

b. Bechtel is also currently working on minor revisions of a 
number of other specifications, including those for liquid metal valves, 
piping, and general cleaning procedures . 

A group at Bechtel is also reviewing the general project 
design quality of Title II. The specific objectives in this effort include 
the following: 
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(a) To identify e r r o r s , omissions or oversights which could 
result in fabrication-quality problems caused by furnished equipment or 
facility construction; 

(b) To identify additional requirements which could be imposed 
to increase confidence in obtaining presently specified equipment and 
facility quality; 

(c) To identify additional requirements where such upgrading 
may be advisable; 

(d) To examine agreed-upon, selected, current design cr i te r ia 
which, if modified, will result in a design with a higher confidence level. 

The review of the project design is being concentrated p r i 
mari ly on the more crit ical regions, such as those in the reactor vessel 
cavity; system components, such as liquid metal pumps, heat exchangers, 
instrumentation, and the containment liner. 

The Laboratory is continuing to review various FARET equip
ment drafts for bid invitations submitted by UE & C. To date, these reviews 
are essentially complete and are coordinated with UE & C for the liquid 
metal pumps, heat exchangers, and instrumentation. Other bid packages 
for which UE & C has submitted mater ia l to the Laboratory for review in
clude cleaning procedures; boilers; stainless steel tanks; cell , vault and 
cavity l iners ; and the personnel air locks. 

The current delay in authorizing the initiation of Title III con
tinues to multiply schedule and cost-estimating problems. The liquid 
metal heat exchanger procurement. Package III, and the liquid metal pumps 
procurement , Package IV, are now dominating factors in establishing the 
construction schedule. In addition, costs continue to increase as a conse
quence of changing market conditions. Because of continued uncertainties 
in the current project planning, the Laboratory is reviewing the extent of 
the work at Bechtel necessary to cope with the discontinuity in engineering 
activities. 

2. Mock-up for FARET Cell Handling Operations 

The remote operating functions of the reactor cell equipment r e 
quire prior evaluation of the in-cell handling operations, which include the 
effects of variations in operator position, window and lighting arrangements 
considerations of crane and manipulator mounting locations, and cell a rea 
to be reached. This evaluation will be studied by means of a mock-up of 
reactor vessel top section, a viewing window, manipulator, special purpose 
crane, lights, m i r r o r s , closed circuit TV, fuel cut-off machine cable feed 
troughs, pneumatic and electr ical connectors, floor storage pi ts , scrap 
disposal equipment, and others as desired. 
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3. Shielding Windows 

The specifications for shielding windows are being redrafted to 
modify the performance specification. The new specifications are in 
two pa r t s , the first set specifying the requirements for the glass slabs 
and the second set for the fabrication and assembly according to ANL-
furnished drawings. The glass slabs would be made by competent glass 
manufacturers and delivered to the window-frame manufacturer for final 
assembly. This procedure should enable a number of fabricating shops 
to enter into the bidding without having to assume responsibility for 
meeting the glass requirements . The separate glass procurement can 
be followed more competently by ANL personnel intimately familiar 
with the complex shielding and viewing requirements . 

The new design (see Fig. 5) calls for shielding equivalent to a 
5-ft-thick wall of ordinary concrete whereas the first specifications 
called for heavy concrete equivalent. The tank unit has been laid out 
so that in its interior can be used either two 4-in.-thick slabs of 
6.2 (T2 and T3) density glass or two 8-in.-thick slabs of 3.3 density glass 
with virtually no change in the viewing angles of the window or in the 
shielding capability. 

Depending on what optional glass combination listed in the glass 
specifications is most economically available, the expected light t r an s -
mittance could vary from 14.5% as a minimum to about 22.5% as a maxi
mum. Although high light transmittance is desirable, even the low value 
of light t ransmittance is comparable to window transmittance at the Fuel 
Cycle Facility of EBR-II and is acceptable. 

4, Penetration of Tank Cover for Cable Take-up and Cable Support 

A mock-up of the penetration of the tank cover for take up of the 
electr ical cable of the control rod drive (see Fig. 6) has been designated 
and fabricated. 

These penetrations are planned to bring the cable leads of the 
control rod drives from the cell to the outside. Since the drives are 
attached to the head and move up and down with the head for refuelling, 
free movement of the cables is necessary. Cable take-up reels are used 
to maintain cable tension during movement of the reactor vessel cover. 
This mechanism is contained within a vertical steel tank located at the 
north end of the cell. Some eighty electrical cables enter the steel tank 
at the top flange through leak- and p ressure - res i s t an t penetrations. The 
cables are supported by an intermediate support plate installed below the 
tank cover. 



SECOHOARV GAS SEAL 
(TANK UNIT TO LIHER) 

WINDOW REFERENCE LIKE 

HIHGE FOR "A" 
ASSEMBLY 

9 ft. TO CELL FLOOR 

Fig. 5. Vertical Section through FARET Cell Shielding Window 
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TAKE-UP. TANK 
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CONTROL DRIVE CABLE 

CABLE SUPPORT PLATE 

Fig. 6. Penetration of Tank Cover for Cable Take-up 
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The penetration unit consists of two commercial ly available flanged 
and gasketed pin-type glass-insulated electr ical receptacles and a p r e s 
surizing housing. In the receptacles , individual conductors of each cable 
are soldered to corresponding receptacle pins. The use of two receptacles 
allows for utilization of a double seal. This enables each penetration to be 
leak tested periodically without having to p ressur ize the containment build
ing to test the integrity of cable penetration. 

In testing, the unit was pressur ized with argon to 30 psig and then 
isolated from the gas supply. After 40 hr the total leak rate was less than 
0.06 in.yday. 

5. Modeling Studies 

Although analysis is used extensively to determine the character is t ics 
of the sodium flow system of the FARET reactor , there are indeterminable 
complexities. Therefore, experimental studies based upon engineering 
similitude principles are being considered for the investigation of flow 
character is t ics . 

A half-scale model test of the FARET p res su re vessel is being 
considered for this experiment utilizing different fluids. According to a 
prel iminary study, the model appears to provide sufficient dimensional 
allowance at reasonable cost. Also, the size will be sufficient so that the 
use of conventional instrumentation will not greatly disturb the quantities 
to be measured. 

Fluids that look attractive for the prel iminary study are water , 
a ir , and carbon dioxide. Two basic requirements for the selection of the 
fluids a re : (a) ease of handling and (b) the expense involved in replacing 
the fluid each time a design variation is introduced or measuring ins t ru
ment is relocated. Operation conditions were chosen to be compatible 
with economic selection of equipment and fabrication of ma te r i a l s . Analyses 
require the Reynolds Number of fluid used in both the model and the pro to
type to be equal. Other analyses, ' '^ however, have shown that this condition 
IS not a severe limitation for testing the model. Model conditions given in 
Table IV are for a Reynolds Number which apply to one-half the prototype. 

From a cost analysis of the project, water is favored. A further 
study will be made on this basis . 

'Rymsa, D. T.,and Wachtell, G. P . , Flow Model Study of the EBR-II, The 
Franklin Institute, Final Report No. F-A2201 (I960). 

'Taylor, W. J., and Starr , I., Reactor Flow Studies, Quarter Scale Flow 
Model Tes ts , PM-1 Task 2, MND-M-1916 (April I960). 
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Model 
Fluid 

W a t e r 

A i r 

Air 

CO2 

CO2 

T A B L E IV. E x p e c t e d O p e r a t i n g Condi t ion 
for the F A R E T P r e s s u r e V e s s e l Mode l 

Model 
Condi t ions 

A P = 244 p s i 
Q = 2850 gpm 

A P = 36.5 p s i 
Q = 1580 cfm 

A P = 7.28 p s i 
Q = 316 cfm 

A P = 18.4 p s i 
Q = 922 cfm 

A P = 6.46 p s i 
Q = 656 cfm 

A p p r o x i m a t e S y s t e m 
O p e r a t i n g Condi t ions 

T = 160°F 
P = 50 p s i a 

T = 100°F 
P = 200 p s i a 

T = l O C F 
P = 1000 p s i a 

T = 100°F 
P = 200 p s i a 

T = 100°F 
P = 1000 p s i a 

6. I n - c o r e I n s t r u m e n t a t i o n 

a. T h e r m o c o u p l e T e m p e r a t u r e - E M F R e l a t i o n s h i p s . Addi t iona l 
da t a have b e e n t aken to e s t a b l i s h the t e m p e r a t u r e - e m f r e l a t i o n s h i p of 
the t u n g s t e n - 3 % r h e n i u m v e r s u s t u n g s t e n - 2 5 % r h e n i u m t h e r m o c o u p l e 
c o m b i n a t i o n above 2400°C (see P r o g r e s s R e p o r t for May 1965, A N L - 7 0 4 6 , 
p 10) A t h i r d - d e g r e e p o l y n o m i a l (Ao + A l t + A 2 t ' + A3t') s e e m s to give a 
v e r y good l e a s t - s q u a r e s fit. Ove r 97% of the da ta t a k e n to da te a g r e e to 
wi th in ±1% of bo th the m a n u f a c t u r e r s ' a v e r a g e va lue and the l e a s t - s q u a r e 
v a l u e s . 

F u t u r e w o r k wi l l be d i r e c t e d t o w a r d s e s t a b l i s h i n g the t h e r m o 
e l e c t r i c s t ab i l i t y of th i s t h e r m o c o u p l e combina t ion (at t e m p e r a t u r e s above 
2400°C) for r e l a t i v e l y long p e r i o d s of t i m e ( g r e a t e r than 100 h r ) . No i n 
d ica t ion of l a r g e t h e r m o e l e c t r i c d r i f t s h a s been found to d a t e . A s h o r t 
p e r i o d ( l e s s than 15 min ) of p r e a g i n g at the m a x i m u m e x p e c t e d t e m p e r a t u r e 
is r e q u i r e d to give c o m p l e t e s h o r t - t e r m s t ab i l i t y . 

b . The R e s i s t i v i t y of R e f r a c t o r y Oxide I n s u l a t o r s . An i m p o r t a n t 
a s p e c t of developing u s a b l e t h e r m o c o u p l e s to o p e r a t e at t e m p e r a t u r e s up 
to 2800°C is the d e t e r m i n a t i o n of the e l e c t r i c a l p r o p e r t i e s , spec i f i ca l ly the 
r e s i s t i v i t y , of the r e f r a c t o r y oxides u s e d as i n s u l a t o r m a t e r i a l s . If t h e s e 
r e s i s t i v i t y v a l u e s can be we l l def ined, i m p o r t a n t c o m p u t a t i o n s ("hot zone 
e r r o r s " ) can be m a d e to d e t e r m i n e the b e s t type and s i ze of t h e r m o c o u p l e 
tha t should be u s e d in a g iven t e m p e r a t u r e e n v i r o n m e n t . 
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T h o r i a a p p e a r s to be the only r e f r a c t o r y oxide su i t ab l e for u s e 
as e l e c t r i c a l i n su l a t i on in s h e a t h - t y p e t h e r m o c o u p l e a s s e m b l i e s at t e m p e r a 
t u r e s above 2300°C. The r e a s o n s a r e : 

(i) It h a s a high m e l t i n g point (~3300°C). 

(ii) It is r e p o r t e d to be c o m p l e t e l y c o m p a t i b l e wi th r e f r a c t o r y 
m e t a l s such as t a n t a l u m , t u n g s t e n , r h e n i u m , m o l y b d e n u m , 
and a l loys of t h e s e e l e m e n t s wh ich a r e u s e d bo th a s s h e a t h 
and w i r e e l e m e n t s . 

(iii) It has a low e l e c t r i c a l r e s i s t i v i t y at t e m p e r a t u r e s above 
2300"'C. 

The r e s i s t i v i t y of t yp ica l r e f r a c t o r y oxide i n s u l a t o r b e a d s u s e d 
in t h e r m o c o u p l e s is being d e t e r m i n e d . Both the s o - c a l l e d " c r u s h a b l e " and 
"v i t r i f i ed" types of i n s u l a t o r s a r e u sed . D i f f e r ences e x i s t in the r e s i s t i v i t y 
v a l u e s of t h e s e two t y p e s , p r i n c i p a l l y b e c a u s e of d i f ferent con tac t a r e a b e 
tween the w i r e s and insu la t ion . The " c r u s h a b l e " type of i n su l a t i on p r o d u c e s 
the g r e a t e s t r a t i o of w i r e - t o - i n s u l a t i o n con tac t a r e a and wi l l p r o b a b l y p r o 
duce the lowes t r e s i s t i v i t y . The "v i t r i f i ed" type of i n s u l a t o r i s s l ip fit ove r 
the w i r e s and wi l l p roduce point or l ine con t ac t s of h ighe r r e s i s t i v i t y . 

Alumina was s e l e c t e d as a r e f e r e n c e m a t e r i a l . M e a s u r e m e n t s 
a r e to be m a d e acco rd ing to ASTM S t a n d a r d Methods of T e s t for E l e c t r i c a l 
R e s i s t a n c e of Insula t ing M a t e r i a l s , ASTM Des igna t i on : D 2 5 7 - 6 1 . The 
vo lume r e s i s t i v i t y is ca l cu la t ed f rom 

27TLR^ 

in (D3 /D , ) o h m - c m . 

w h e r e L is the length of the s p e c i m e n in c m , R.̂ , is the m e a s u r e d vo lume 
r e s i s t a n c e in o h m s , D^ is the l a r g e s t s p e c i m e n d i a m e t e r , and Dj is the 
s m a l l e s t s p e c i m e n d i a m e t e r . This equat ion is a v a r i a t i o n f r o m that 
r e c o m m e n d e d by the ASTM, but is be l i eved to give a m o r e a c c u r a t e r e s u l t . 

TABLE V. Resistivity of Alumina 
at Various Temperatures 

T e m p e r a t u r e , 
°C 

8 0 0 

1000 
1200 
1400 
1600 
1800 
1900 

Resist iv 

Average from 
L i t e r a t u r e 

1 X 10» 
1 X lO' 
7 x lO" 

1.5 X 10* 
3 X 10^ 
5 X 10^ 

2.5 X 10^ 

'ity 

V 

, o h m - c m 

Measu red for 
i trified Alumina 

2 X 10' 
3 x 1 0 ' 

5.5 X 10^ 
1 x 1 0 \ 
2 x lO'' 
3 X 10^ 
1 x 1 0 ' 

In Tab le V a r e l i s t e d 
the p r e l i m i n a r y v o l u m e r e 
s i s t i v i t i e s of a "v i t r i f i ed" 
a l u m i n a i n s u l a t o r at v a r i o u s 
t e m p e r a t u r e s . Also l i s t e d 
a r e a v e r a g e v a l u e s ob ta ined 
f r o m the l i t e r a t u r e . The 
m e a s u r e d v a l u e s a r e g e n 
e r a l l y h i g h e r than the l i t e r a 
t u r e v a l u e s . 

At the c o m p l e t i o n of 
the above t e s t , the a l u m i n a 
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insulator bead had shrunk about 3%, which throws some doubt on the mea^-
sured resis t ivi ty values. Since the beads used had been sintered at 165000, 
further sintering at higher tempera tures (~1950°C) occurred. 

A white alumina bead was fired for 3 hr at 1950°C in helium. 
Upon removal , the bead had shrunk about 10% and had turned a dull black 
color suggesting a stoichiometric change. The resist ivi ty of the alumina 
at room tempera ture had decreased to one-fourth its initial value. P r e l i m i 
nary tes t s indicate that firing in an air environment returns the bead to its 
original color and resis t ivi ty. The stoichiometric change will be checked 
by spectrographic analysis. 

To determine whether thoria exhibits a similar behavior, a 
white sample bead was fired for 30 min at 2400°C in helium. The bead 
turned si lver gray. After an additional 30 min at 2600°C, the bead turned 
darker and total shrinkage was 5%. Fur ther firing will be made at 2800<'C 
in helium and an oxygen-rich environment. 

The fact that a stoichiometric change may take place in an 
inert gas environment explains the low resist ivi ty values sometimes r e 
ported in the l i t e ra ture . Proper sintering of the beads may solve this 
problem and consequently improve the thermocouple performance. 

c. Fue l - i r rad ia t ion Exper iments . Thermocouple data from 
the Plutonium Fuel Irradiat ion Experiment (see P rog re s s Report for 
June 1965, ANL-7071, p. 9) have been analyzed. The capsule used had a 
centerline fuel thermocouple made of W-3% Re/W-25% Re wires insulated 
by thoria inside the fuel region and alumina outside the fuel region. The 
sheath was 0 062-in.-OD tantalum. The thermocouple was exposed to a 
calculated fast integrated neutron flux of ~2.6 x 10^' nvt during the 720-hr 
test . Approximately 20 thermal cycles occurred during this t ime. 

This information concludes the reporting on the Fuel Irradiat ion 

Exper iments . 

d. Thermocouple In-pile Tes ts . The data obtained from a dif
ferent thermocouple capsule, which may contain up to three thermocouples 
(see Monthly P r o g r e s s Report for June 1965. ANL-7071, p. 9), have been 
analyzed. The W-3% Re/W-25% Re thermocouple that was used to indicate 
the centra l fuel t empera ture operated continuously throughout the 2-hr in-
pile test to determine if the capsule design would permit a center fuel t e m 
pera ture of approximately 2400'=C in the CP-5 reactor at maximum power. 
The UO2 fuel in the capsule was spaced away from the cladding by means 
of tantalum rods placed so as to achieve a tempera ture of about 2300°C in 
an argon atmosphere at the maximum reactor power of 4.5 MW. Figure 7 
shows the t ime- tempera tu re history of the capsule. At point "A," as the 
reac tor was being taken to 3 MW, the high- temperature s c ram circuit shut 
down the reac tor when the fuel tempera ture reached 1950°C, a limit set for 



the p r e v i o u s s l ip - f i t h e a t - t r a n s f e r e x p e r i m e n t s . After r e a d j u s t m e n t of t he 
h i g h - t e m p e r a t u r e s c r a m c i r c u i t to t r i p at 2360°C, the r e a c t o r w a s r e s t a r t e d , 

and 69 m i n l a t e r was o p e r a t i n g 
at a s t e a d y p o w e r of 4 .2 MW. 
The ind i ca t ed fuel t e m p e r a t u r e 
was 2180°C, v e r y c l o s e to the 
d e s i g n v a l u e . The fuel t e m 
p e r a t u r e r e m a i n e d p r a c t i c a l l y 
s t e a d y for 30 m i n . It t hen i n 
c r e a s e d r a t h e r a b r u p t l y to about 
2300°C and f inal ly i n c r e a s e d 
sudden t ly to 2360°C at po in t " B . " 
This shut down the r e a c t o r . 
The c a p s u l e w a s s u b s e q u e n t l y 
r e m o v e d f r o m the r e a c t o r . 

The c a u s e of the sudden 
i n c r e a s e in t e m p e r a t u r e h a s not 
been exp la ined . The c a p s u l e did, 
h o w e v e r , a c c o m p l i s h i t s p u r p o s e 
of showing that t e m p e r a t u r e s up 

""-"'""TEs to ~2300°C can , in fact , be 
a c h i e v e d in the C P - 5 r e a c t o r 
wi th the p r e s e n t c a p s u l e d e s i g n . 
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Fig. 7. Time-temperature History for Capsule HT-1 

7. Fuel Assembly Sodium Flow Test Loop 

The 800-gpm sodium pump has successfully passed the manufacturer 's 
performance test; apparently the pump will deliver a head slightly greater 
than the specified 320 ft of sodium. All critical par ts have been inspected at 
the vendor's plant, and the pump has been fully accepted. The interim pump 
now installed in the loop will be removed and the 800-gpm pump mounting 
installed. Removal of the interim pump has started. 

The "Conax" connector and elbow assembly for the p ressu re vessel 
had been delayed for lack of a suitable 4-in. 90°, S.R. elbow. Such an elbow 
was finally located and shipped to the manufacturer. The unit is now 
scheduled to be completed at the end of this month. The installation of 
this item will be done concurrently with the installation of the new pump 
and upon completion of the pressure vessel internals. 

8. FARET Criticals (ZPR-3) 

Assembly 46 was modified to produce a uniform central zone of high 
enrichment, called 46G, by changing thp central oxide zone of 46F (see 
Progress Report for July 1965, ANL-7082, p. 14) to a carbide zone. Since 
the next outer zone of 46F already was composed of this carbide composition, 
the result was a unified central carbide zone, approximately 10 in. in di
ameter and 20 in. in length. 



E a c h d r a w e r in the c e n t r a l zone con ta ins l ^ c o l u m n s of 93% e n 
r i c h e d u r a n i u m , l y c o l u m n s of p l u t o n i u m , and 1 c o l u m n of 3 1 % e n r i c h e d 
u r a n i u m . An i n t e r f a c e v iew of A s s e m b l y 46G is shown in F i g . 8. 
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Xfeî ^̂ "̂  
T W ^ 

o yNtfn^ 
p 1 v f y - y 

S ^ i 

u 

7 ^ ^ CiRB DE 

BB ^ ^ 0 ' l°l 

EE 1 

^^Z^P,^ 

IIPI _ 
s X ^ f 

1 — 

ASSEMBIY NO. 

lOADING NO. 
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C o m p o s i t i o n s of the c o r e zones a r e given in Tab le VI. As in A s 
s e m b l y 4 6 F , the u r a n i u m in the c a r b i d e zone h a s an a v e r a g e e n r i c h m e n t 

TABLE VI. Core Zone Compositions for ZPR-3 Assembly 46G 

Composition, lO" a toms/cc 

Material Oxide Carbide Alloy 

P u ^ ' + 24 1 
P u " " + 242 

U235 

U"^ + 236 
Na 

0.107 
0.005 
0.224 
0.459 
0.003 
0.843 

0.156 
0.008 
0.410 
0.472 
0.005 
0.843 

0.263 
0.013 
0.112 
0.848 
0.002 
0.843 

Composition, 10^' a toms /cc 

Mater ia l Oxide Carbide Alloy 

O 
C 
Fe 
Cr 
Ni 
Zr 

0.866 
0.502 
1.099 
0.295 
0.145 

1.111 
1.057 
0.284 
0.140 

1.141 
0.307 
0.144 
0.317 

Reflector composition: 0.211 g/cc Na. 6.38 g/cc stainless s teel , 0.305 g/cc Al. 
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of 45% and that in the oxide zone, 33%. The higher enrichment of the 
carbide zone gives high threshold fission rates and is well suited for the 
investigation of the effects of small alterations in the environment upon 
threshold fission ratios. 

The experiments consisted of placing small , spherical , back- to-
back fission chambers in a central void and measuring the changes p r o 
duced by surrounding the chambers with reactor mater ia ls such as iron, 
steel, depleted uranium and graphite. A typical chamber installation is 
shown in Fig. 9. The space available in a reactor drawer limits the size 
of sample (~l/4 in.) that may be placed around the counter; the fission 
ratio changes are consequently only about 1 to 5%. Hence, in these p r e 
liminary experiments, emphasis has been placed upon determining the 
accuracy to which measurements may be repeated and also the effect of, 
for example, the size and shape of the void. The use of back-to-back 
chambers, a special drawer which holds the chambers precisely, and a 
multichannel analyzer for recording the counts has permitted reproduci
bility of about 0.15%. These studies have been made with U ^ y u " ^ U^Vu^ 
and U " y u " ^ chambers. 

Analysis of the experimental results is being delayed pending final 
mass-spect rometr ic analysis of the electroplated fission counter masses 
and isotopic abundances. 

"M M / I II 
' F I S S I O N ^COAXIAL COUNTER 

ADAPTER LOCKING 
DEVICE 

Fig. 9. Top View of Typical Cliamber Installation 
for ZPR-3 Assembly 4CG (Drawer I-P-IV) 
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C. General Fast Reactor Physics 

1. ZPR-6 

The Doppler-effect measurements planned for Assembly No. 4Z of 
ZPR-6 (see P r o g r e s s Report for May 1965, ANL-7046, p. 14) were 
completed. 

A measurement with a l - in . -dia , axially constrained natural UO2 ele
ment was made to investigate an apparent anomaly at 400°K. The anomaly 
was apparently an e r r o r since the new measurements agreed with the p r e 
vious resul ts everywhere but at that point and showed consistent resul ts 
around 400°K. 

Measurements with a l /2 - in . -d ia enriched (97% U"^) UOj element 
were consistent in magnitude and sign with the previously reported resul ts 
for the 1-in. enriched UO2 sample. 

Results for an axially and radially constrained enriched (97% U ) 
UO2 sample did not show statistically significant deviations from measure 
ments with an axially constrained sample. Anomalous behavior of the sam
ple on heating was observed, so that the experiment will be repeated. 

Results found for an axially and radially constrained, 7/1 ratio U / 
U"^ and enriched (97% U"^) sample were not significantly different from 
those previously reported for other axially constrained cases . 

The reactivity change measured on heating an empty sample can 
between room temperature and 1100°K was only slightly greater than the 
stat ist ical precision and is thus considered negligible. 

2. ZPPR 

Analysis of the containment structure of ZPPR is continuing. 

The coring of the Gravel Gertie s tructure was completed during 
August. Pre l iminary scanning of the gravel was obtained by driving a 2-in.-
dia pipe down through the gravel and by gamma scanning each hole for 
thorium-234, the natural daughter of the alpha decay of U " ^ (Depleted 
uranium was used as the t r ace r in the Gravel Gertie tests .) Seven holes 
were logged, and analyses of these scans indicated that the casing should be 
located approximately 7 ft off center in a south-southeast direction (155° 
off north). 

Samples from selected levels of gravel were analyzed chemically. 
The prel iminary resul ts showed uranium present during the test and a 
uranium gradient in the gravel . No uranium above background levels was 
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found on the gravel until a depth of approximately 5 ft is reached. The max
imum concentration of uranium occurs approximately 10 ft down in the 
gravel. 

Prel iminary tests of the high-velocity filtration charac te r i s t ics of 
the sand portion of the ZPPR gravel-sand roof have been started. The sand 
used in these tests is that which is called for in the Title II specifications 
and is available at the normal NRTS supply area . 

The following is a status report on reactor components: 

a. Reactor Bed and Tables. The vendor, Giddings & Lewis Machine 
Co., has received the comments on the preliminary drawing of the assembly 
and is incorporating these comments into the design. The electr ical draw
ings are being prepared for review. The details of the hot rai l system are 
also being prepared for review. 

b. Matrix Drawers . All perforation dies were completed and tr ied 
out. The forming dies were completed but have not been tr ied out with per
forated stainless steel blanks. The sizing die (for weld test and length siz
ing) was completed. The hole pattern was checked by ANL and comments 
were sent back to the vendor. 

c. Matrix Tubes. The four pilot tubes were fabricated. One was 
shipped to ANL-Idaho and three to ANL-Illinois. These are now being in
spected by ANL for specifications. All dies and jigs were completed. The 
test and inspection jigs are being designed. 

d. Fuel-rod Drives. All castings have been bronze finished. The 
springs have been received. The job is approximately 25% complete. 

^- Poison Rod Drives and Reactor Knees. The bid packages have 
been reviewed. 

D. General Fast Reactor Fuel Development 

1. Metallic Fuels 

^^ , ^- Thorium-Uranium-Plutonium Alloys. As part of our interest in 
Th-U-Pu alloys as potential fast reactor fuels, we are investigating pertinent 
features of the equilibrium phase diagram. The question of the stability 
range of the thorium-beta phase still needs to be answered. A high-
temperature X-ray-diffraction Debye-Scherrer camera was built and cal i 
brated with platinum. Temperatures up to 900°C were reached and excellent 
diffraction patterns were obtained. The room-tempera ture data are in agree
ment with the best measurements published by the National Bureau of 
s tandards. 
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At 800°C a Th-2 w/o U-40 w/o Pu alloy gave diffraction patterns 
of a-Th, Th02, and PUO2, with no indication of the bcc ^-Th phase. Because 
of the almost complete overlap between the ThOz pattern and bcc ^ - T h pat
tern, the statement is based on absence of the (321) bcc line, a negative 
proof that may not be entirely satisfactory. The lattice parameter of the 
thorium phase was 5.0431 ± 0.0005 A. By comparison the lattice parameter 
of pure thorium was 4.9972 ± 0.0005 Aat 800°C. 

The excellent compatibility results that have been obtained with 
stainless steel by adding zirconium to U-Pu alloys suggested a similar 
approach for the Th-U-Pu alloys. The following ser ies of Th-U-Pu alloys 
was tested against Type 304 stainless steel: 

Composition 

Alloy 

I 
II 
III 
IV 

a/o Th 

61 
71 
50 
60 

a/o U 

20 
10 
20 
10 

a/o Pu 

10 
10 
10 
10 

a/o Zr 

9 
9 
20 
20 

660 

6 70 

660 

650 

640 

630 

620 

610 

600 

590 

5eol 

i 1 — T T 
o D.T.A. 
• DILATOMETRY 

After one week at a temperature of 750°C considerable interpenetration 
occurred both into the fuel and the cladding. It was concluded that zirconium 
additions to these thorium alloys do not improve their compatibility with 
stainless steel. However, the ternary thorium-uranium-plutonium alloys 
are compatible with V-20 w/o Ti alloy. 

b Improved U-Pu-based Metal Fuels. Phase relationships, com
patibility with potential cladding mater ia ls , and pertinent properties of the 

very promising high-meltmg 
^ , I U-Pu-Zr and U-Pu-Ti alloys (see 

' ' ' ' P rogress Report for May 1965, 
ANL-7046, pp. 19-24) are being 
investigated. 

(i) Phase Relationships. 
An alloy consisting nominally of 
U-15 w/o Pu-10 w/o Zr, equiva
lent to U-12.9 a/o Pu-22.5 a/o Zr, 
was investigated by differential 
thermal analysis (DTA). Various 
rates of heating and cooling were 
employed. The resul ts are shown 
in Fig. 10. The solid-state t r an s 
formation data agree with those 
previously obtained by dilatometry 
at a rate of 2°c/min. Hysteresis 
occurred inboth transformations 

:. TRANSFORMATION TO AND FROM f 

^gCOOLING 

0.2 0.4 0.6 0.8 1.0 2.0 ' » ° 

RATE OF HEATING OR COOLING , °C/min 

Fig. 10. Solid-state Transformations in U-15 w/o Pu-
10 w/o Zr (U-12.9 a/o Pu-22.5 a/o Zr) as a 
Function of Heating and Cooling Rates 
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on hea t ing , but only in the second t r a n s f o r m a t i o n on coo l ing . The h y s t e r e s i s 
i n c r e a s e d with the r a t e of hea t ing and coo l ing , as migh t be e x p e c t e d . E x t r a p o 
la t ion to e q u i l i b r i u m t e m p e r a t u r e s was p o s s i b l e , and the o b s e r v e d p h e n o m e n a 
follow the g e n e r a l p a t t e r n o b s e r v e d with h i g h - p u r i t y u r a n i u m ' and u r a n i u m -
c a r b o n a l l oys . An a t t e m p t to d e t e r m i n e the so l idus t e m p e r a t u r e of the 
U - P u - Z r alloy gave a va lue h i g h e r than 1120''C, the m a x i m u m t e m p e r a t u r e 
p r e s e n t l y a t t a inab le in our DTA a p p a r a t u s . 

(ii) Compa t ib i l i t y . F u r t h e r s t u d i e s have been m a d e of the p h a s e 
r e l a t i o n s in the U - Z r - F e s y s t e m to a s s i s t our u n d e r s t a n d i n g of the f a c t o r s 
tha t r e l a t e to the good compa t ib i l i t y up to 800°C of U - P u - Z r a l l oys wi th 
Type 304 s t a i n l e s s s t ee l ( see P r o g r e s s R e p o r t for Ju ly 1965, A N L - 7 0 8 2 , 
pp. 20-1) . At 800''C t e r n a r y a l loys conta in ing up to 30 w / o F e and f r o m 
10 to 15 w / o Z r a r e c o m p o s e d of the following p h a s e s : a sol id so lu t ion of 
g a m m a u r a n i u m conta ining z i r c o n i u m and poss ib ly a s m a l l amoun t of i r o n ; 
a sol id solut ion of U^Fe conta ining z i r c o n i u m ; and a so l id so lu t ion of UFe2 
containing z i r c o n i u m . The g a m m a and UjFe sol id so lu t ions a r e in t h e r m o 
dynamic e q u i l i b r i u m in a l loys conta ining up to a p p r o x i m a t e l y 4 w / o F e ; the 
UjFe and UFe2 solid so lu t ions a r e in e q u i l i b r i u m in a l loys con ta in ing be tween 
15 and 30 w / o F e . The c o m p o s i t i o n a l r ange of the t e r n a r y sol id so lu t i ons 
b a s e d on U(,Fe has not as yet been d e t e r m i n e d . 

These findings sugges t that the p r e v i o u s l y o b s e r v e d good 
compa t ib i l i t y of U-Zr and U-Pu-Zr a l loys wi th i ron and Type 304 s t a i n l e s s s t e e l 
m a y be r e l a t e d in p a r t to an e n h a n c e m e n t of the t h e r m o d y n a m i c s t ab i l i t y of 
the U^Fe, UFe2, and g a m m a - u r a n i u m p h a s e s upon the addi t ion of z i r c o n i u m . 
Another p o s s i b l e cont r ibut ing fac to r , sugges t ed by s o m e f indings of C l a r k 
and R h i n e s ' for A l - M g - Z r a l l oys , i s that the diffusion c o m p o s i t i o n pa th in 
the p r ev ious ly s tudied couples t e n d s , as a whole , to bend away f r o m the 
f a s t e s t diffusing component or c o m p o n e n t s , which in our c a s e i s i r o n . 

(iii) P r o p e r t i e s . Sho r t - and l o n g - t i m e t e n s i l e p r o p e r t i e s of a 
s e r i e s of c a s t U - P u - Z r and U - P u - T i a l loys have been m e a s u r e d to s u p p l e 
ment the p r ev ious ly r e p o r t e d m e c h a n i c a l p r o p e r t i e s ( see P r o g r e s s R e p o r t 
for May 1965, ANL-7046 , pp. 19-24). The s h o r t - t i m e t e n s i l e p r o p e r t i e s a s 
a function of compos i t ion and t e m p e r a t u r e to 675°C a r e s u m m a r i z e d in 
Tab le VII. The a l loys a r e very weak but duct i le in the g a m m a - p h a s e t e m 
p e r a t u r e reg ion . 

^Blumentha l , B . , T r a n s f o r m a t i o n T e m p e r a t u r e s of H i g h - p u r i t v U r a n i u m 
J . Nuc. Mai l . 2_(1), 23-30 (I960) . ' 

•*Blumenthal, B . , Cons t i tu t ion of Low Carbon U-C Al loys . J Nuc Mai l 
2_(3), 197-208 (1960). 

' C l a r k , J . B. , and R h i n e s , F . N . , T r a n s . ASM 51 , I99 (1958) 
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T A B L E VII. V a r i a t i o n of T e n s i l e P r o p e r t i e s wi th T e m p e r a t u r e in 
H o m o g e n i z e d and Quenched U - P u - Z r and U - P u - T i Alloysia-) 

Al loy, 
n o m i n a l w / o 

U 

8Z.6 

77.1 

67.4 

U 

90.9 

85.2 

75 

Pu 

11.1 

16.6 

18.5 

Pu 

0 

11.4 

15 

Z r 

6.3 

6.3 

14.1 

T i 

9.1 

3.4 

10 

T e m p , 
°C 

25 
675 

25 
675 

25 
675 

25 
675 

25 
675 

675 

U . T . S . , 
k g / m m 

18.1 
1.2 

4.0 
1.2 

7.7 
2.9 

14.7 
26.3 

30.8 
5.5 

7.0 

Y .s.,W 
» / m m 

1.1 

1.1 

2.8 

-

5.2 

6.5 

E , 
k g / m m x 10 

17.4 
1.4 

10.6 
1.6 

13.0 
1.9 

22.7 
3.0 

17.9 
2.4 

3.0 

Type of 
F a i l u r e 

B r i t t l e 
Duc t i l e 

B r i t t l e 
Duct i l e 

B r i t t l e 
Duct i l e 

B r i t t l e 
B r i t t l e 

B r i t t l e 
Duct i l e 

Duct i l e 

(a)All s p e c i m e n s w e r e t e s t e d in c r e e p p r i o r to the t e n s i l e t e s t s , and t h e r e f o r e con
t a in s o m e (<5%) hot w o r k . 

(b)Yield s t r e n g t h at 0.2% offset . B r i t t l e s p e c i m e n s did not a t t a in t h i s be fo re 

f r a c t u r i n g . 

P l u t o n i u m a d d i t i o n s h a v e a n e m b r i t t l i n g e f f e c t o n t h e 

U - P u - Z r a l l o y s a t l o w t e m p e r a t u r e s , a n d v e r y l i t t l e e f f e c t o n d u c t i l i t y a n d 

s t r e n g t h a t 6 7 5 ° C . Z i r c o n i u m a d d i t i o n s s t r e n g t h e n t h e a l l o y s s o m e w h a t a t 

6 7 5 ° C . 

T h e U - P u - T i a l l o y s a r e s t r o n g e r a t 6 7 5 ° C t h a n t h e U - P u - Z r 

a l l o y s a n d t i t a n i u m a d d i t i o n s s t r e n g t h e n t h e a l l o y s m o r e e f f e c t i v e l y t h a n 

z i r c o n i u m a d d i t i o n s i n t h e U - P u - Z r a l l o y s . T h e e f f e c t of p l u t o n i u m a d d i 

t i o n s i s n o t c l e a r i n t h e U - P u - T i a l l o y s , e x c e p t t h a t , a s a c o n s e q u e n c e of 

l o w e r i n g t h e t e m p e r a t u r e of t r a n s f o r m a t i o n f r o m t h e g a m m a t o U2T1 p h a s e s 

t o b e l o w 6 7 5 ° C , t e s t s of t h e a l l o y s c o n t a i n i n g p l u t o n i u m w e r e a b o v e t h e 

t r a n s f o r m a t i o n a n d b e l o w i t i n t h e U 2 T i a l l o y . 

T h e t e n s i l e b e h a v i o r a t s l o w s t r a i n r a t e s b e t w e e n 6 0 0 a n d 

7 0 0 = 0 w a s a l s o i n v e s t i g a t e d f o r t h e s e a l l o y s . T h e t i m e s t o r e a c h 2% 

s t r a i n f o r s e v e r a l s t r e s s e s b e l o w t h e s h o r t - t i m e u l t i m a t e t e n s i l e s t r e s s e s 

( U T S ) a r e g i v e n i n T a b l e V I I I . I t r e q u i r e s o n l y m i n u t e s a t a b o u t 1 k g / m m 

t o r e a c h 2% s t r a i n a t 6 7 5 ° C . In g e n e r a l , t h e s t r a i n - t i m e r e l a t i o n s h i p i s 

n e a r l y a s t r a i g h t l i n e w h e n p l o t t e d o n l o g - l o g c o o r d i n a t e s . 

.2 
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T A B L E V m . T i m e (in minu te s ) to At ta in 2% S t r a i n in 
U - P u - Z r and U - P u - T i Al loys 

T e m p , °C 

Alloy Compos i t i on , w / o Load, kg/ r r 650 

82.6 

77.1 

67.4 

0.5 
1.0 
2.0 
4.0 

0.5 
1.0 
2.0 
4.0 

0.5 
1.0 
2.0 
4.0 

0.5 
1.0 
2.0 
4.0 

-
-
-
-
-
-
-

00,000 
10,000 

800 
70 

5,000 
210 
10 

-
5,000 
210 
10 

-
-
-
-

-
-
-

5.000 
80 
1 

-
5,000 

80 
1 

-

15 
5 
3 
1 

45 40 
5 5 
1 1 

0.5 
1.0 
2.0 
4.0 

0.5 
1.0 
2.0 
4.0 

400 
20 

20.000 
350 

5 

_ 

-

-
-
-
110 
5 

2,000 
60 
1 

_ 

-

-
-
-
45 
5 

The creep strength is not appreciable in any of the alloys at 
650°C, the lowest temperature expected in the FARET Core I fuel. 

Thermal conductivity tests to 900°C and thermal cycling 
tests to 700°C for several U-Pu-Zr and -Ti alloys have been completed and 
the data are being analyzed. Corrosion tests of these alloys in air have 
shown them to be very corrosion resistant. Specimens exposed to flowing 
room-temperature air with a variation in relative humidity from 25 to 5 5% 
for periods up to nine months have remained bright and have gained no 
weight. 

2. Jacket Materials 

a. Vanadium Alloys. A "scale up" in the fabrication development 
of the V-Ti-Cr alloys, in particular of the V-15 w/o Ti-7.5 w/o Cr alloy 
is now underway. 

As expected, a significant loss of chromium occurs on melting 
under vacuum (either electron beam or arc melting) because of the high 
vapor pressure of chromium. Double arc-melting under a partial p ressu re 
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is expected to reduce losses of chromium and to improve both the alloy 
homogeneity and process reliability. 

Annealing studies of rolled sheet have shown that the V-Ti-Cr 
alloys are quite susceptible to variations in precipitate morphology and m 
macrohardness as a function of annealing temperature . Mechanical prop
er t ies , corrosion res is tance , and fabricability may be significantly in
fluenced by such changes. 

3. Carbide Fuel Elements 

a. Compatibility of (U,Pu)C with Jacketing Materials. The initial 
phase of the study of jacketing mater ia ls for uranium-plutonium mixed-
carbide fast reactor fuels has consisted of heat treating and evaluating dif
fusion couples of single-phase (Uo.8Puo.2)C with various metals and alloys. 

Chemical analysis of the (U,Pu)C pellets showed a carbon con
tent of 4.74 w/o , and oxygen and nitrogen impurities of about 0.09 and 
0.03 w/o , respectively. After firing, approximately 0.79 mm was ground 
off each end of the pellets to reduce the chance of surface impurity phases. 
Examination of the pellets prepared for compatibility tes ts showed single-
phase monocarbide of approximately 86% of full density. The compatibility 
tes ts were run in sealed quartz capsules containing helium. 

Results to date are listed in Table IX. In some cases the r eac -
as not a uniform band, but quite i r regular owing to reactions tion zone w 

T A B L E IX. Reac t ion of (U„.8Pu„.2)C with Po ten t ia l Jacke t ing M a t e r i a l s 

T e m p , 
°C 

Reac t ion Zone Width, fi 

' days 17 days 42 days 
Di rec t ion of 

Reac t ion Zone 

304 SS 

Has t e l l oy -X 

V-20 w / o Ti 

Vanad ium 

Niob ium 

Molybdenum 

T a n t a l u m 

C h r o m i u m 

Tungs ten 

Nil 
3 

130 

800 
950 

1100 

800 
950 

1100 

800 
950 160(320)* 

1100 750(>1300)* 

45 
me l t ed 

950 
UOO 

950 

1100 

UOO 

1100 

UOO 

UOO 

Nil 
165 

6 

4 

Nil 

Nil 

380 me l t ed 

5 8 
60 75 

nnelted me l t ed 

100(270)* 
350(700)* 
>1300 

45 
450 

Nil 
270 

cladding 
cladding Heavy g ra in boundary 

pene t r a t i on 

fuel Continuous band 
fuel Continuous band 

cladding Nonuniform cont inuous 
cladding band, poor ly defined due to 

r e a c t i o n along s t r i n g e r s 

cladding I r r e g u l a r s e c o n d - p h a s e 
cladding growth along g r a i n 

bounda r i e s 

cladding Uni form cont inuous band 

cladding Uniform cont inuous band 

cladding Uni form cont inuous band 

cladding Uni form cont inuous band 

• V a l u e s in p a r e n t h e s e s indica te extent of r e a c t i o n along s t r i n g e r s . 



along grain boundaries as in vanadium, or s t r ingers (particles aligned in the 
extrusion direction) as in V-20 w/o Ti alloy. The values listed in these 
cases are maximum values. Fur ther tes ts at 800°C are planned for this ma
ter ia l with high-strength iron- and nickel-base alloys. 

In most of the specimens to date, the fuel-jacket interface has 
been found to be broken when examined metallographically. Although we 
believe that the specimens were in contact at the heat - t rea tment t empera 
ture , subsequent s t r e s ses caused by thermal-expansion differences in the 
specimens and holder on cooling resul ts in broken interfaces. Because of 
this resulting gap, evaluation of reaction zones is made more difficult. In 
an attempt to eliminate this problem, we are presently looking at techniques 
to insure the integrity of the final specimen. 

Because of uncertainties encountered in present commercia l 
production of stoichiometric uranium-plutonium monocarbide, we are also 
studying laboratory procedures pertaining to, and mater ia l charac te r i s t ics 
of, uranium-plutonium carbides with a variety of carbon contents. 

4. Co rrosion 

^- Corrosion of Fuel-jacketing Materials for Sodium-cooled 
Reactors . Consistently reliable analyses of oxygen in sodium in the low 
(0 to 10 ppm) concentration range have not been achieved through use of the 
mercury amalgamation technique. Since reliable analyses in this oxygen 
range are necessary in order to achieve meaningful resu l t s , studies of 
corrosion by sodium have been temporari ly suspended pending development 
of a consistently reliable sampling-analytical technique. 

A vacuum distillation technique is being explored. Hot gettered 
(with zirconium) sodium has been sampled at 600°C and at 450°C with either 
a nickel dip tube or a nickel flushing sampler. Five analyses all yielded 
resul ts under 10 ppm oxygen. The relatively narrow scatter in the data 
obtained in this initial effort is encouraging. 

Oxygen analyses were also performed with samples taken from 
a sodium system nominally maintained at 40 to 50 ppm oxygen. The mercury 
amalgamation method (reasonably satisfactory at this concentration level) 
yielded a result of 36 ppm; the vacuum distillation method yielded a result 
of 42 ppm. 

A- .-n .• ^"!^ ? " ' ' refmement in technique, it is believed the vacuum 
distillation method will be a consistently reliable technique for the analysis 
of sodium containing low concentrations of oxygen. 



29 

5. Irradiat ion Testing 

a, High-burnup Irradiation of Uranium-Plutonium Alloys. Pos t -
i r radiat ion examination has begun of a group of five uranium-plutoniurn-
fissium specimens that successfully achieved burnups as high as 8.7 a/o 
(calculated). A sixth specimen, which was found to have developed a local
ized jacket rupture after 8.7 a/o burnup, is also being examined. The 
i r radia ted specimens are shown in Fig. 11. 

The maximum irradiat ion conditions are shown in Table X. 
During the la ter stages of the experiment, plutonium depletion resulted m 
tempera ture drops of approximately 150°C. The specimens were i r radiated 
ih an instrumented capsule in the CP-5 reactor for 29 months. During this 
period they were also subjected to several hundred severe thermal cycles 
because of reactor shutdown. 

The purpose of the experiment was to evaluate the effect on 
achievable burnup of jacket thicknesses heavier than the thin (0.229 mm) 
jacket used for the EBR-II Mark-I fuel. The predicted achievable burnups 
based on pressure-volume calculations are shown in the second column from 
the right in Table X. By comparing this column with the adjoining column to 
the right, it can be noted that the burnups achieved without clad rupture were , 
in all but one ins tance , ' markedly higher than predicted. The differences 
may be due to strengthening of the jacketing during irradiat ion. Considera
tion is being given to reencapsulating some.of the specimens for continued 
i r radiat ion in order to obtain additional comparisons between predicted 
achievable burnups at the point of jacket rupture and the burnups that actu
ally can be obtained. 

The burnups achieved in this experiment are among the highest 
ever reported for metal fuels. Successful attainment of these high burnups 
is regarded as part icular ly noteworthy in view of the fact that bare uranium-
plutonium-fissium alloys were found to swell catastrophically at relatively 
low tempera tu res and burnups. ' The experiment therefore provides a con
vincing demonstrat ion of the effectiveness of jacket res t ra in t in preventing 
fuel swelling. 

For purposes of comparison, 8.7 a/o burnup in the uranium-
plutonium-fissium alloys used in this experiment produced a fission density 
of 3 3 X 10^' f i s s ions /cm^ This fission density is equivalent to over 
100,000 MWd/T burnup in oxide fuel, and to 80,000 MWd/T burnup in car -
bide fuel. 

' in this one instance the experiment was terminated before the predicted 

burnup was attained. There was no jacket rupture . 

'Horak, J. A., Kettel, J. H., and Dunworth, R, J . , ANL-6429 (July 1962). 



4 

Specimen No. 

Calcula ted Burnup, a / o 

EI-3908 

C-115A 

7.1 

EI-3900 

C-116B 

7.1 

EI-39C2 

C-119A 

8.7 

EI-3906 

C-118A 

8.7 

EI-3907 

C - i n A 

8.7 

EI-390B 

C-12CA 

7.1 

Fig. 11. Photograplts of Specimens from Irradiation Capsule CP-33 (Mag 1.5X) 
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TABLE X. I r r a d i a t i o n Condit ions for High 

Spec imen 
N o . 

C-115A 
C-116B 
C-119A* 
C-118C 
C-117A 
C-120C 

F u e l 
Compos i t ion , 

w / o 

U-10 P t i -10 Fz 
U-10 P u - 1 0 Fz 
U-15 P u - 1 0 Fz 
U-15 P u - 1 0 Fz 
U-15 P u - 1 0 F z 
U-10 P u - 1 0 Fz 

Jacke t 
T h i c k n e s s , 

i n . 

0.015 
0.020 
0.015 
0.025 
0.015 
0.025 

M a x i m u m 
F u e l 

T e m p , °C 

5 9 0 

6 1 0 

6 2 5 
6 2 5 

6 2 5 

6 1 0 

-burnup u - i 

Max imum 
J a c k e t 

T e m p , °C 

5 1 0 

5 3 0 

5 4 5 

5 4 5 
545 

5 3 0 

^u-J c z tDpecii 

P r e d i c t e d 
M: aximum 
Burnup to 
F a i l u r e , 

a /o 

5 .0 

5 .9 

5 .3 

9 . 4 
7 .2 

6 .7 

Actual 
Calcu la ted 

Burnup , a /c 

7 .1 

7 .1 

8.7 

8.7 
8.7 

7 .1 

•Observed to have developed a localized jacket split. 

6. Zero-power Reactors 

a. Proper t ies of Zero-power U-Pu-based Fuel Alloys. U-Pu-
based ternary alloys are being studied as alternates to the U-20 a/o Pu-
6 a/o Mo alloy that was developed for zero-power applications. Titanium 
and zirconium show the most promise as alloying additives. The a i r -
corrosion tes ts (see P rog re s s Report for July 1965, ANL-7082, p. 23) 
showed that the U-25 a/o Pu-10 a/o Ti alloy, after an initial weight gam 
of 0 3% at 13 weeks, showed no further changes after nine additional weeks 
of exposure. It then began to gain weight slowly and has now gained 0.5% 
in weight after 30 weeks. The specimen has also powdered and is about 
10% disintegrated. The U-25 a/o Pu-12 a/o Ti alloy is still sound and 
shows no powdering or weight gain after 17 weeks. Although the tes ts on 
this alloy have not been in progress as long as the tes ts for the U-Pu-Mo 
alloys the resu l t s to date indicate that at least 12 a/o Ti will be needed to 
give a i r -cor ros ion resis tance comparable to that of the 6 a/o Mo alloy. 

Air -corros iontes ts have been started with a ser ies of U-25 a/o Pu 
alloys with 6, 9, and 12 a/o Zr added. These have all remained sound and 
have shown no weight gain after five weeks. 

Because ofthe fact that some of the U-20 a/o Pu-6 a/o Mo alloy 
fuel plates manufactured by NUMEC for the SEFOR fast crit ical experi
ments have had carbon contents above the maximum of 1000 ppm called for 
in the specifications, we have begun a i r -cor ros ion tes ts on NUMEC ma-
ter ia l reported as containing 1200 and 1800 ppm carbon. (Subsequent anal
ysis has indicated that the actual carbon content is much lower.) The 
microstructures showed a difference in carbide particle size, but no obvi-
ous difference in amount. The higher-carbon specimen has remained sound 
and shows no significant weight gain after 6 weeks in air . The lower-carbon 
specimen has become tarnished and cracked after 5 weeks. 
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Other specimens of U-20 a/o Pu-6 a/o Mo alloy that have been 
under test for over a year have become very slightly cracked and powdered, 
whereas our original alloy of U-27 a/o Pu-6 a/o Mo remained sound for 
21 months. To see if this cracking might be related to the carbon content, 
we analyzed the fine powder for carbon and found the carbon content to range 
from 1200 to 2600 ppm carbon rather than 500 to 700 ppm carbon obtained 
for the original specimens. 

We do not at present understand the mechanism for this buildup 
of carbon in the corrosion product. The buildup may be due to selective 
corrosion of the fine UC part ic les , which we have observed metallographi
cally and have analyzed with an electron-beam microprobe. 

These results suggest that the cracking of the U-Pu-Mo alloys 
after long-time exposure to air is related to the carbon content. We have, 
therefore, begun a systematic study of the effects of carbon by making a 
ser ies of U-Pu-Mo alloys with known amounts of carbon added in the range 
250 to 3500 ppm. 

E. General Fast Reactor Fuel Reprocessing Development 

1. Skull Reclamation Process 

The skull reclamation process , being developed specifically for r e 
covering and purifying residual uranium left in crucibles after melt-refining 
discharged fuel pins from the EBR-II reactor , is currently being demon
strated in EBR-II plant-scale (~4.25 kg uranium), remotely operated equip
ment. This equipment or versions of it will be installed in the Fuel Cycle 
Facility in Idaho. 

Four additional plant-size runs following the modified flowsheet (see 
P rogres s Report for June 1965, ANL-7071, pp. 24-25) have been completed 
in the skull reclamation furnace, which is operated at t empera tures between 
700 and 810°C. No difficulties were encountered in carrying out any of the 
mechanical operations, including charging of mater ia l s , heating, mixing, 
sampling, and transferring molten metal and fluxes from the furnace to ex
ter ior rece ivers . Transfers of molten metals and fluxes from the skull 
reclamation furnace to the transfer receiver equipment are accomplished 
by means of a heated (~750°C), l /2- in.-ID transfer line made of 
molybdenum-30 w/q tungsten.^ In these runs, the t ransfer line, which had 
been rebuilt (see P rogress Report for August 1965, ANL-7090, p. 27), con
tinued to operate very satisfactorily. Some 20 troublefree t ransfe rs of 
waste metal supernatants, waste fluxes, and product solutions were easily 
carr ied out. 

°ANL-7020, Chemical Engineering Division Research Hiphlight.^ Mav 1964-
April 1965. " '• 
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The rebuilt t ransfer line incorporates design changes to improve 
performance reliabili ty, one of which involves the use of si l ica-insulated 
Chromel P wire as a heater cable. In a separate test (ANL-7090, p. 27), 
the suitability of this heater cable for extended use was examined. No evi
dence of deteriorat ion of the cable was noted. To date, the accumulated ^ 
testing t ime at elevated tempera tures has amounted to 158 hr at 900 to925 C 
and to 740 hr at 950 to 975°C. Since the performance of this cable for i ts 
intended use as a heater cable on the t ransfer line was very good, no further 
testing is planned. 

Although mechanical operation of the equipment was good, fuming of 
metal and salt vapors was observed in these runs when the skull reclamation 
furnace was opened while at operating tempera tures for charging. Fuming 
also occurred, but to a l esse r extent, during and following the t ransfers of 
metal and salt solutions from the furnace. To overcome this problem, an 
exhaust manifold for the collection of fumes is being built and tested. The 
manifold, which is attached to the furnace, is in an early stage of develop
ment. However, initial test resul ts indicate that the fuming can be controlled 
by such equipment. 

Retorting is utilized to recover the uranium from the uranium prod
uct solution produced in the dissolution step of the skull-reclamation process . 
In the retorting step, the magnesium-zinc-uranium ingot from the skull r e 
clamation furnace is t ransfer red to a large BeO crucible ( 8 - i n . m OD by 
17 in of overall height by l /2- in . - th ick wall). The magnesium-zmc is then 
distilled at 800 to 900°C from the uranium product solution, after which the 
uranium is melted (~1200°C) to form an ingot. Two prel iminary runs using 
the same BeO crucible (a thixotropically cast crucible) were completed m 
plant-scale retorting apparatus located in an inert atmosphere enclosure. 
The charge in each run consisted of a Zn-13.5 w/o Mg (no uranium) ingot 
weighing about 38 kg, a quantity normally associated with about 4.5 kg of 
uranium product. Overall performance and apparent distillation rate of the 
equipment were satisfactory. After these two runs, the BeO crucible was 
found to be in excellent condition. In future runs, feed charges to the BeO 
crucible will contain uranium. 

Pilot-plant demonstration runs (with 1.5 kg U) of the skull-
reclamation process were discontinued in June 1965 (see P r o g r e s s Report 
for June 1965 ANL-7071, p. 23). However, molybdenum-removal data frorn 
one of the last four runs that used the previous flowsheet have become avail
able (In previous pilot-plant runs, molybdenum removals in the noble metal 
extraction step have been barely adequate.) Molybdenum analyses of the zmc 
and flux phases from this step showed that, of the originally charged moly
bdenum 56% was extracted into the zinc phase and 37% remained m the flux 
phase This suggests that incomplete reduction of the molybdenum is the 
probable cause of poor molybdenum extraction. The reason for the incom
plete reduction is uncertain. Because further molybdenum removal is pos
sible during the product dissolution step, it is believed that overall removals 
of molybdenum will be satisfactory. 
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2. P y r o c h e m i c a l P r o c e s s e s 

A g e n e r a l type of f lowsheet be ing i n v e s t i g a t e d for p r o c e s s i n g u r a n i 
u m and p lu ton ium m e t a l , ox ide , or c a r b i d e c o r e and b lanke t m a t e r i a l d i s 
c h a r g e d f rom fas t b r e e d e r r e a c t o r s is shown in F i g . 12. The p r o c e s s i s 

b a s e d on the s e l e c t i v e t r a n s p o r t 
of u r a n i u m and p l u t o n i u m f r o m a 
C u - M g so lven t a l loy to a p p r o p r i 
a te Z n - M g a l l o y s t h r o u g h a sa l t 
p h a s e c o n s i s t i n g of a m i x t u r e of 
MgCl2, NaCl , and KCl . B e c a u s e 
s m a l l v o l u m e s of m e t a l and sa l t 
so lu t ions a r e r e q u i r e d and b e 
c a u s e s e p a r a t i o n f a c t o r s a r e 
v e r y h igh , the p r o c e s s i s e a s i l y 
adap ted to s i n g l e - s t a g e b a t c h 
s e p a r a t i o n s . 

The f lowshee t i n v o l v e s , 
f i r s t , an ox ida t ive dec ladd ing 
o p e r a t i o n in which oxide fuels 
would be r e l e a s e d f r o m c ladd ing . 
C a r b i d e and m e t a l fuels would be 
c o n v e r t e d to ox ides in s u c h a 
s t e p . T h e s e a r e then r e d u c e d in 

a Mg-10 w / o Cu al loy. The highly e l e c t r o p o s i t i v e f i s s i on e l e m e n t s , a l k a l i , 
r a r e e a r t h , and a lka l ine e a r t h e l e m e n t s , d i s t r i b u t e s t r o n g l y to the s a l t p h a s e 
and a r e r e m o v e d in it . Then, by taking advantage of the wide ly d i f fe ren t d i s 
t r i bu t i on coeff ic ients and so lub i l i t i e s for u r a n i u m and p lu ton ium in m e t a l 
p h a s e s of different c o m p o s i t i o n s , the u r a n i u m and p lu ton ium can be s e p a 
r a t e d by se lec t ive t r a n s f e r to s e p a r a t e m e t a l p h a s e s . The a p p l i c a t i o n to fuel 
p r o c e s s i n g of solute t r a n s f e r be tween l iquid a l loys in m u t u a l con tac t w i th a 
m o l t e n sal t has been d i s c u s s e d by C h i o t t i . ' T r a n s f e r of u r a n i u m and p l u t o n i 
u m could be done s u c c e s s i v e l y or s i m u l t a n e o u s l y ; the l a t t e r is shown s c h e 
m a t i c a l l y in F ig . 12. 

Fig. 12. Conceptual Pyrochemical Batch-exuaction 
Process for Fast Breeder Reactor Core and 
Blanket Materials 

Resu l t s of p r e l i m i n a r y e x p e r i m e n t s r e l a t e d to th i s f lowshee t a r e v e r y 
e n c o u r a g i n g . The ind ica t ions a r e that it should be p o s s i b l e to r e c o v e r p l u 
ton ium (well s e p a r a t e d f rom u r a n i u m ) and u r a n i u m with e x c e l l e n t d e c o n t a m i 
na t ion f rom f i ss ion p r o d u c t s . 

The study of c o r r o s i o n is an i m p o r t a n t adjunct to the d e v e l o p m e n t of 
th i s p r o c e s s . C o r r o s i o n t e s t s of v a r i o u s conven t iona l m a t e r i a l s of c o n s t r u c 
t ion to d e t e r m i n e t he i r su i tab i l i ty for th i s app l i ca t ion a r e in p r o g r e s s ( see 
P r o g r e s s Repor t for August 1965, A N L - 7 0 9 0 , p . 28). P r e v i o u s c o r r o s i o n 

' C h i o t t i , P . , and Klepfer , J . S., T r a n s f e r of Solu tes be tween Liquid Al lnvs in 
Mutual Contac t wi th F u s e d Sal t . Appl ica t ion of F u e l R e p r o c e s s i n p . i ; ; ^ ^ ^ 
C h e m . , P r o c e s s Des ign Develop. 4(2), 232-239 (Apr i l 1965). 
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tes ts have shown that certain ferrous alloys (304 SS, 405 SS, AISI 4130, and 
AISI 1020) appear suitable for the containment of liquid Cu-Mg alloys. Since 
the small amount of corrosion that was observed apparently resulted from 
the simple dissolution of iron, the solubility of iron in liquid Cu-Mg alloys 
was determined. The solubility values were low, ranging from 0 14 w/o iron 
in Cu-9.0 w/o Mg at 850°C down to 0.0115 w/o iron in Cu-33.5 w/o Mg at 
600''C. These low solubility values are consistent with the low corrosion 
ra tes that have been observed Fur ther , iron at these low concentrations 
should have no adverse effect on the process . 
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II. GENERAL REACTOR TECHNOLOGY 

A. E x p e r i m e n t a l R e a c t o r and N u c l e a r P h y s i c s 

1. E l e c t r o n Exc i t a t ion of ZnS(Ag) 

In r e c e n t p u b l i c a t i o n s , ' " " ' ^ t h e r e has been r e c o r d e d a p r o n o u n c e d 
d i f fe rence in sc in t i l l a t ion decay t i m e of ZnS(Ag) in H o r n y a k bu t tons when 
exc i ted by a lpha p a r t i c l e s r a t h e r than by e l e c t r o n s . Resu l t s ' ^ ' * ' ' a t th i s 
L a b o r a t o r y ind ica te that , a l though t h e r e m a y be s m a l l d i f f e r e n c e s in 
sc in t i l l a t ion decay shape c a u s e d by p a r t i c l e s of di f fer ing ion iza t ion dens i ty , 
the v e r y sho r t (few nanosecond) p u l s e s a r e due to C h e r e n k o v r a d i a t i o n 
and l u m i n e s c e n c e of the t r a n s p a r e n t m e d i a a s s o c i a t e d wi th the photo tube 
and coupling m e d i a . 

F i g u r e 13 shows the f l u o r e s c e n c e of ZnS(Ag) powder e v a p o r a t e d on 
a q u a r t z d i s c which was b o m b a r d e d by nanosecond b u r s t s of e l e c t r o n s , 
with ene rgy l e s s than 75 keV, f rom a pulsed a c c e l e r a t o r . 

Fig. 13. Fluorescent Emission from ZnS(Ag) Excited by 1.5-nsec 
Bursts of 70-keV Electrons; Horizontal Scale: 40 nsec/ 
Major Division (and arbitrary amplitude). The photo
graph of a sampling oscilloscope shows many superim
posed pulses which were triggered by the accelerator. 
The ZnS(Ag) decay is consistent with a 70-nsec initial 
decay component; risetime is about 3.0 nsec after sub
tracting a 2-nsec instrumental integraUng time constant. 

Under iden t i ca l cond i t ions , however , n a r r o w p u l s e s have b e e n o b 
s e r v e d due to f l u o r e s c e n c e by e l e c t r o n s in v a r i o u s t r a n s p a r e n t m e d i a and 
is i l l u s t r a t e d in F ig . 14. Decay t i m e s of l e s s than 3 n s e c have b e e n found 

lOWraight, L. A., Harris, D. H. C, and Egelstaff, P. A., Improvements in Thermal Neutron Scinnlladon De-
tectors for Time-of-flight Studies, Nucl. Instr. Methods 33, 181 (1965). ' 

llBailey, G. M., and Prescott, J. R., Decay Time of the Luminescence of a Zinc Sulphide Neutron Detector for 
Neutron and y-ray Excitation, Australian I. Phys. JT. 135 (1958). ' 

l^Asada. T., et al̂ ., Decay Properties of ZnS(Ag) Phosphors. J. Phys. Soc. Japan 14, 1766 (1959) 
13DeVolpi, A., and Porges, K. G., Rejection of Gamma,background Radiation plUses in Hornyak Buttons IRE 

Trans. Nucl. Sci. NS-9(3), 320 (June 1962). ' ' ' 
14porges, K. G., DeVolpi, A., and Polinski, P., Fast Cancellation of Gamma-radiation Background Pulses in 

Hornyak Buttons with an Active Circuit, Rev. Sci. InsU. 35, 1602 (1964) 
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for q u a r t z , g l a s s , and L u c i t e , a s we l l a s the s a m p l e of c l e a r epoxy in 
F i g . 14. L o n g e r decay c o m p o n e n t s w e r e m e a s u r e d for po lye thy lene 
(17 n s e c ) and para f f in (24 n s e c ) . Al l m e a s u r e m e n t s have an e s t i m a t e d 
r e l a t i v e e r r o r of 20%. 

Fig. 14. Electron-generated Fluorescence from a Clear Epoxy 
Sample at 10 nsec/Major Division (and arbitrary ampli
tude). This is typical of the type of pulse frequently 
attributed to ZnS(Ag), but actually produced in many 
transparent materials. 

2. On- l i ne C o m p u t e r Appl ica t ion 

An o s c i l l o s c o p e d i sp l ay h a s been c o n s t r u c t e d for the D D P - 2 4 c o m 
p u t e r . It u s e s a c o m m e r c i a l X-Y o s c i l l o s c o p e d r i v e n by r e s i s t o r - n e t w o r k 
d i g i t a l - a n a l o g c o n v e r t e r s connec t ed to two r e g i s t e r s . E a c h r e g i s t e r c o n 
t a i n s ten f l ip-f lop c i r c u i t s , p rov id ing for the equ iva len t of a 1024- l ine i m a g e . 
The f l ip - f lops r e c e i v e s i g n a l s f rom the unbuffered p a r a l l e l output channe l . 
E a c h output o p e r a t i o n c a u s e s the plot t ing of one point . The o s c i l l o s c o p e 
s w e e p c i r c u i t i s u s e d to unblank the b e a m . 

It h a s b e e n found tha t l e t t e r s , n u m b e r s , and o the r s y m b o l s and 
p a t t e r n s can be g e n e r a t e d on the o s c i l l o s c o p e us ing s u b r o u t i n e s tha t w e r e 
p r e v i o u s l y d e v e l o p e d for u s e on the g r a p h p l o t t e r . 

The o s c i l l o s c o p e is e s p e c i a l l y in tended to give the e x p e r i m e n t e r a 
qu ick look a t the da ta g e n e r a t e d dur ing the c o u r s e of o n - l i n e o p e r a t i o n . 
Some u s e h a s b e e n m a d e to i n d i c a t e the p r o p e r t i m e to s t a r t an a s y m p t o t i c 
p e r i o d m e a s u r e m e n t . 

A m o t o r - c o n t r o l c i r c u i t h a s b e e n deve loped to c o n t r o l by c o m p u t e r 
the d u a l - p u r p o s e rod d r i v e s on the fas t c r i t i c a l s . Th i s c i r c u i t u s e s two 
f l ip- f lops d r i v i n g a c o m p l e m e n t a r y - s y m m e t r y t r a n s i s t o r b r i d g e c i r c u i t 
t ha t c a n r u n the d .c . m o t o r in e i t h e r d i r e c t i o n . 

T h i s m o t o r - c o n t r o l c i r c u i t was w i r e d into the Z P R - 9 c o n s o l e in 
such a way that a d u a l - p u r p o s e rod s e l e c t e d by the o p e r a t o r could be 
m o v e d by c o m p u t e r c o n t r o l i n s t e a d of m a n u a l l y . Th i s a r r a n g e m e n t w a s 
u s e d to i n s e r t the l a s t r od and m a k e the r e a c t o r c r i t i c a l . A n u m b e r of 
s u c c e s s f u l t e s t r u n s have b e e n with th i s a r r a n g e m e n t . 
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This work was undertaken as part of a program to develop auto
matic control for the cr i t icals , and it was done for two reasons: (a) it is 
most difficult from the standpoint of constructing a suitable algorithm, and 
(b) at the same time requires the least alteration of the reactor control 
c i rcui ts . The algorithm used was written to take the reactor up to a p re 
scribed power on a prescribed period and level off at the prescr ibed 
power. To do this, the algorithm examines the flux behavior and determines 
if a change in the log of the slope is required to approach the demand t r a 
jectory more closely. Having information about the effectiveness of the rod, 
it decides whether the demand would be most closely approached by moving 
the rod or leaving it stationary during the next time interval (normally 
0.1 sec). By observing the actual response to a given rod motion, the algo
rithm updates its knowledge of the rod effectiveness. Provision is made to 
take account of the changes in the log of the slope caused by the approach 
of delayed-neutron precursors to equilibrium. 

The performance of the system was satisfactory, but there were 
two shortcomings. Fi rs t , the rod motion was indecisive at low power 
levels due to noise. Second, the flux had a tendency to overshoot upon 
reaching the demand level because of limited rod speed. Modifications of 
the algorithm to overcome these problems are under investigation. 

3. Nuclear Constants 

^- Radiative Capture. Cross sections of substances important to 
the fast reactor program are being studied as a function of neutron energy 
between 4 keV and 3 MeV, covering a large part of the neutron energy spec
trum of fast reactors . Capture cross sections a re needed to make proper 
use of materials proposed for structural and control use in r eac to r s . The 
data a re also useful in testing nuclear-reaction theories. The information 
gained by comparison of experimental data with theoretical values could 
allow the prediction of other neutron cross sections in the absence of 
experimental data. 

An activation method was employed in which the nucleus being 
studied was irradiated with a monoenergetic neutron beam and the radio
active species produced counted with a beta counter or a gamma-ray 
analyzer. The counting data were then converted to capture c ross sections 
by suitable calibrations. 

Cross sections have been determined for L u ' " and Mo'^ In 
Fig. 15 are shown the capture cross sections of L u ' " between 140 keV and 
3 MeV. Also shown are data for the low-energy region presented by 
Gibbons et al_. who utilized the detection of capture gamma rays . The 
agreement between the two sets of data is good. It should be noted that 
the cross section for Lu'^^ is one of the largest in the fast-neutron region 
being nearly as large as that of rhenium. 

'^Gibbons, J. H., Macklin, R. L., Miller, P. D., and Neiler, J. H., Neutron 
Cross Sections. BNL-325 (I960). ~ 
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Fig. 15. Radiative Capture Cross Section of Lutetium-n5 

The e x p e r i m e n t a l da ta for the c a p t u r e c r o s s s e c t i o n s of Mo'* 
a s a funct ion of n e u t r o n e n e r g y have been c o m p a r e d wi th the t h e o r e t i c a l 
f o r m u l a t i o n s of Lane and L y n n " by m e a n s of the l eve l dens i ty f o r m u l a of 
G i l b e r t and C a m e r o n ' ' ' and the n e u t r o n s t r e n g t h funct ions r e c o m m e n d e d by 
M o l d a u e r . ' * The r e s u l t s a r e shown in F ig . 16. The a g r e e m e n t be tween the 
e x p e r i m e n t a l and t h e o r e t i c a l v a l u e s is r e a s o n a b l y good. 
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Fig. 16. Radiative Capture Cross Section of Molybdenum-

'^Lane A. M..and Lynn, J. E., Proc. Phys. Soc. A70, 557 (1957). 
' 'Gilbert, A.,and Cameron, A. G. W.. A Composite Nuclear Level Density Formula with Shell Corrections, 

Goddard Space Flight Center (NASA) (Preprint). 
•SMoldauer, P., Phys. Rev. 123, 968 (19G1). 
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b . C a p t u r e - t o - f i s s i o n R a t i o s in E B R - I I . In c a l c u l a t i o n s of the 
l o n g - t e r m b e h a v i o r of r e a c t o r s it is n e c e s s a r y to know f i s s ion and c a p t u r e 
c r o s s s ec t i ons of the u r a n i u m and p lu ton ium i s o t o p e s which bui ld up th rough 
s u c c e s s i v e c a p t u r e s in the p r i m a r y fuel i so tope . One me thod of ob ta in ing 
th i s da ta is by the m e a s u r e m e n t of the c a p t u r e to f i s s ion r a t i o of an i so tope 
in a typ ica l fast r e a c t o r n e u t r o n s p e c t r u m . Such a p r o g r a m is c u r r e n t l y 
being c a r r i e d out in E B R - I I . 

S a m p l e s of U " ^ U " ^ U " ^ P u " ' , Pu^''", and P u ^ " have been 
p r e p a r e d and a r e now being i r r a d i a t e d in v a r i o u s p o s i t i o n s in the c o r e and 
b l anke t s of E B R - I I . Upon comple t i on of the i r r a d i a t i o n s , the s a m p l e s wil l 
be r e t u r n e d to Argonne , I l l ino is . A p p r o p r i a t e r a d i o c h e m i c a l and m a s s 
s p e c t r o g r a p h i c a n a l y s e s will be p e r f o r m e d , and f rom t h e s e r e s u l t s the d e 
s i r e d c a p t u r e to f i s s ion r a t i o s will be ca l cu l a t ed . 

B. T h e o r e t i c a l R e a c t o r P h y s i c s 

1. Effects of R a n d o m n e s s on Group C r o s s Sec t ions 

Work on the effective Pu c r o s s s e c t i o n s ( see P r o g r e s s R e p o r t for 
Augus t 1965, ANL-7090 , p. 32) has been ex tended to c o v e r the u n r e s o l v e d 
ene rgy r a n g e f rom 10 keV to 200 eV. Below this r a n g e r e s o l v e d r e s o n a n c e 
l e v e l s for Pu^^' have been used to c a l cu l a t e the Doppler shift in g r o u p c r o s s 
s e c t i o n s by a homogeneous v e r s i o n of R I F F R A F F " and a r e thus n u m e r i 
ca l ly p r e c i s e . The c r o s s s ec t i ons in the u n r e s o l v e d r eg i o n w e r e s i m i l a r l y 
compu ted by u s e of r a n d o m l y g e n e r a t e d r e s o n a n c e p a r a m e t e r s . 

The Doppler shift in each ene rgy g roup , 6 o / a , may be v iewed a s a 
r a n d o m v a r i a b l e over the ene rgy g roup . Since the a v e r a g e of 6 a / a o v e r an 
ene rgy g r o u p v a r i e s slowly with ene rgy , we e s t i m a t e the a v e r a g e and the 
v a r i a n c e by sampl ing an ene rgy s u b i n t e r v a l or i n t e r v a l s in each wide g r o u p 
such that each sub in t e rva l con ta ins enough l eve l s on the a v e r a g e to be viewed 
a s s t a t i s t i c a l l y independent of o ther i n t e r v a l s . The r e s u l t s for a v a r i e t y of 
s u b i n t e r v a l s a r e given in Table XI. 

TABLI zr . Dwier ShUts and Their Varii 1, Codd and Collins Mixture, al 300 to 600"K lor P u ^ ' 

E Upper, eV 

500 

900 

1900 

2900 

39O0 

4W0 

E Lower, eV 

300 

700 

1700 

2700 

3700 

4700 

(Ala/Ig) > 

5.186 

6.644 

6.346 

0.85? 

3.910 

1.725 

103 (Alf/i,) X 

2.755 

6.002 

6.148 

1.563 

3.949 

1.756 

03 olxllfi 

27.249 

35.418 

19,062 

505.801 

28,042 

35.317 

aj K # 

35,159 

36.026 

23.963 

470.262 

31.858 

43.130 

E Upper, eV 

5900 

6900 

7900 

8900 

9900 

E Lower, eV 

5700 

6700 

7700 

8700 

9700 

(Ala/la 1 « 10^ 

1.357 

0.829 

0.798 

0.300 

-0.057 

(Alf/ i f) X 

1.069 

0.784 

1.037 

0.271 

-0.148 

103 Q | X 106 

34-209 

31.72 

29.727 

17.328 

17,305 

0 ^ x 1 0 ^ 

42.490 

39.112 

37,032 

22.772 

23.058 

Notes: E Upper to E Lower Is the energy su1)lntervaf. 

Alg/Ig is ttie Doppler stiKt In ttie absorption resonance Integral and Alt/If Itie Doppler shift in the lisslon resonance integral 

of Pu^^^ over the energy subinlervai for a temperature change of 300 to bOO'K. 

Og and 0^ ate the variances of Aiyig and AI|/If, respectively. 

, Kier, P. II., RIFF RAFF. A Program for Compulation of Resonance InteRrals in a Two-region Cell ANL-7033 
(August 1965). ' 
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The fission widths were assumed to be distributed according to a 
chi-square distribution of degree 2. The effect of using degree 1 or 4 is 
shown (see Table XII) to be about as expected: the fission Doppler shift 
increases with the degree of the distribution, but only slightly. 

TABLE XII, The Effects of Vary ing the Degree of the 
C h i - s q u a r e Dis t r ibu t ion of the F i s s i on Width with 

E Upper - 900 and E Lower = 700 eV 

Degree (Alj^/la) X 10 ' (Alf/lf) X 10 ' 

1 
2 
4 

7.105 
6.644 
7.112 

5.821 
6.002 

6 .561 

31 .291 
35 .418 
36 .872 

48 .407 
36 .026 
38 .762 

C. High-temperature Materials 

1. Ceramic Fuel Materials 

a. Microhardness of PuS, Pu,S„ and PuP. The DPN hardness 
values for PuS, Pu^Sj, and PuP shown in Table XIII were measured with a 
Kentron microhardness apparatus and a load of 25 g on the indentor. This 
load gave an impression approximately 10 ^ in width which left a distance 
of about 5 II between the impression and the nearest pore in samples with 
densities of less than 90%. Samples 90 to 91% of full density had widely 
spaced pores , and the distance between the impression and the nearest pore 
in these samples was about 50 fi- Heavier loads increased the size of the 
impressions so that they overlapped the pores, and erroneously low micro
hardness values resulted. The effects of pore distribution can be seen from 
Table XIII because the hardness range generally increased with increasing 
density. 

TABLE X i n . M i c r o h a r d n e s s Values for the Sulfides and Phosph ides of P lu ton ium 

M i c r o h a r d n e s s 
Range , 

M a t e r i a l DPN 

Densi ty , 
% T h e o r e t i c a l 

Dis tance f rom I m p r e s s i o n 
to N e a r e s t P o r e , 

jim Comments 

PuS 

Sample 1 
Sample 2 
Sample 3 

PU2S3 

P u P 

Sample 1 
Sample 2 
Sample 3 
Sample 4 

220-250 
280-320 
360-410 

520-600 

230-310 
220-370 
320-370 
350-420 

80 
88 
90 

87 
89 
91 

- 5 
~5 
- 5 0 

-5 
-5 
-5 
-50 

Single P h a s e . 
Single P h a s e . 
PU2S3 P r e c i p i t a t e in PuS 

Gra in . 

M e a s u r e d on PujSj P h a s e : 
Sample that Contained 
Some PuS 

Single P h a s e . 
Single P h a s e . 
Single P h a s e . 
I m p u r i t y - p h a s e P r e c i p i t a t e i 

P u P g r a i n s . 
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The m i c r o h a r d n e s s of fully d e n s e PuS and P u P is thought to be 
about 400 DPN. S a m p l e s that showed v a l u e s of th is m a g n i t u d e a l s o c o n 
ta ined a second phase wi th in the g r a i n s . The s m a l l a m o u n t of t h e s e i m p u r i 
t i e s would not be expec ted to change th i s o v e r a l l h a r d n e s s s ign i f i can t ly . 
P lu ton ium se squ i su l f i de is h a r d e r than the m o n o s u l f i d e . 

b . A n e l a s t i c i t y of Some U r a n i u m C o m p o u n d s . The e l a s t i c m o d u l u s 
of nonporous u r a n i u m dioxide a t r o o m t e m p e r a t u r e was d e t e r m i n e d by 
l e a s t - s q u a r e s fitting of da ta for p o r o u s UO^ into the e x p r e s s i o n s 

. - b P (1) 

and 

E o ( l - A P ) , (2) 

w h e r e E is the e l a s t i c modu lus of the p o r o u s p o l y c r y s t a l l i n e m a t e r i a l , 
EQ is the e l a s t i c modu lus of the nonporous p o l y c r y s t a l l i n e m a t e r i a l , b and 
P a r e e m p i r i c a l c o n s t a n t s d e t e r m i n e d by l e a s t - s q u a r e s f i t t ings , and P is 
the vo lume f rac t ion porosi ty .^" E x p r e s s i o n (1), p r o p o s e d by S p r i g g s , ^ ' is 
b a s e d on a r e l a t i o n be tween s t r e n g t h and po ros i t y pos tu l a t ed by Knudsen.^^ 
Equa t ion (2) was p r e s e n t e d by Hasse lman^^ and d e r i v e d f rom the equa t ion 
deduced by Hashin.^^ 

Values for EQ, b , and A a r e p r e s e n t e d in Tab le XIV. The 
va lues obta ined for £„ fall within the r a n g e men t ioned by Wach tman et al.,^^ 
who a s s e r t e d that Young ' s modu lus for nonporous p o l y c r y s t a l l i n e UO, 

T A B L E XIV. Values of EQ, b , and A Obtained by L e a s t - s q u a r e s F i t t i ng 
of Exponent ia l and L i n e a r Equa t ions 

Equat ion Eo(kbar) 

E = Eo e - b P 2 2 4 3 . 5 6 + 2 2 . 1 0 2.512 

E = E o ( l - A P ) 2233.85 ± 22.05 - 2.277 

2" Volume Fraction Porosity = Void Volume'Total Specimen Volume. 
2'Spnggs. R. M., Expression for Effect of PorosUy on Elastic Modulus of Polycrystalline Refractory Matenals 

Particularly AI2O3, 1. Am. Ceram. Soc. 44, 628-629 (1961). ' 
"Knudsen. F. P., Dependence of Mechanical Strength of Brittle Polycrystalline Specimens on Porosity and 

Grain Size. !. Am. Ceram. Soc. 42, 376-387 (1959). 
"Hasselman, D. P. H., On the Porosity Dependence of the Elastic Moduli of Polycrystalline Refrar.mrv Materials 

J. Am. Ceram. Soc. 45, 452-453 (1962); Relation between Effects of Porosity on Strength and on Young's ' 
Modulus of Elasticity of Polycrustalline Materials, ibid., 46, 564-565 (1963) 

•̂iHashin, Z., Elastic Moduli of Heterogeneous Materials, J. Appl. Mechanics 29 143-150 (1962) 
25Wachtman, J. B., Jr., Wheat, M. L.. Anderson, H. J., and Bates, J. L., ElastiTconstants of Single Crystal UOo 

at 25°C, ]. Nucl. Materials 16(1), 39-41 (1965). " * '̂  * 
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without preferred orientation should lie between 2170 kbar (Reuss average) 
and 2440 kbar (Voight average). A mean of both averages gives a value of 
2305 kbar, which is slightly higher than the values of the present investiga
tion. The same a u t h o r s " claim that by extrapolating the resul ts published 
by Lang,^' a value of 2280 kbar was obtained for nonporous uranium oxide. 
That also agrees with the present resul ts . It should be pointed out that 
some of the specimens tested by Lang were not stoichiometric. 

Using the leas t -squares fitting of our data, we calculated the 
elastic modulus for UO2 of zero to 0.4 volume-fraction porosity (see 

Fig. 17). The linear and 
exponential equations give 
similar resul ts for values 
of volume-fraction porosity 
lower than 0.1. Beyond that 
the exponential expression 
gives higher values of the 
elastic modulus, because 
this relation does not fulfill 
the boundary condition for 
P = 1. The linear equation 
gives zero elasticity for a 
volume-fraction porosity of 
0.438, consistent with the 
postulate of Marlowe and 
Wilder" that a mater ia l of 

0.2 0.3 

VOLUME FRACTION POROSITY 

Fig. 17. Calculated Values of Elastic Modulus vs. Porosity 

in i t i a l u n i f o r m p a r t i c l e s i z e should a p p r o a c h z e r o e l a s t i c i t y a t p o r o s i t y 
l e s s than 0.4764 v o l u m e - f r a c t i o n p o r o s i t y . 

c. U r a n i u m - m i x e d - a n i o n S y s t e m s . It h a s b e e n r e p o r t e d tha t US i s 
so lub le in UC2 up to 50% US. The UC^ u s e d in the c o m p o s i t i o n s for those 
e q u i l i b r a t i o n s was m a d e f rom p r e c i p i t a t e d UC which was r e p o r t e d to have 
f r ee c a r b o n p r e s e n t to give a c a r b o n to u r a n i u m r a t i o of 2 : 1 . Th i s m a t e r i a l 
w a s p r e r e a c t e d to f o r m UC^. Subsequen t c h e m i c a l a n a l y s e s r e v e a l e d qui te 
a l a r g e e x c e s s of c a r b o n in th is m a t e r i a l . Consequen t ly a b e t t e r UC2 w a s 
n e e d e d . A new b a t c h of UCj w a s f o r m e d by r e a c t i n g a t 1775°C h i g h - p u r i t y 
c a r b o n wi th a r c - m e l t e d UC tha t was a s s u m e d to be s t o i c h i o m e t r i c . C a r b o n 
w a s added in an a m o u n t to f o r m UCi.,£„ the r e p o r t e d s t o i c h i o m e t r y of 
t e t r a g o n a l UCj . C h e m i c a l a n a l y s e s i nd i ca t ed the c a r b o n - t o - u r a n i u m r a t i o 
of the new m a t e r i a l to be wi th in 0.02 of the s t o i c h i o m e t r i c c o m p o s i t i o n . 
X - r a y d i f f rac t ion p r o d u c e d only one v e r y weak e x t r a n e o u s r e f l e c t i o n , the 
220 r e f l e c t i o n for U2C3. Th i s m a t e r i a l wi l l be u s e d in fu r the r e q u i l i b r i u m 
s t u d i e s . 

^ 'Lang , S. M . , P r o p e r t i e s of H i g h - t e m p e r a t u r e C e r a m i c and C e r m e t s . 
E l a s t i c i t y and Dens i ty a t Room T e m p e r a t u r e , Na t iona l B u r e a u of S t a n d a r d s 
M o n o g r a p h 6 (1960). 

" M a r l o w , M. C , and Wi lde r , D. R., E l a s t i c i t y and I n t e r n a l F r i c t i o n of P o l y 
c r y s t a l l i n e Y t t r i u m Oxide , J . A m . C e r a m . Soc. 48^, 227-233 (1965). 
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2. Liquid-metal Corrosion 

a. Polarization Studies. Conditions to yield corrosion films on 
zirconium suitable for polarization experiments in sodium have been more 
completely defined. Overnight exposure of a smooth zirconiunn rod sample 
(0.38-jU polish, nominal), having a hemispherical tip, to highly oxygenated 
sodium at 580°C appears to be sufficient. Subsequent anodic polarization 
of a portion of the corroded surface at 400°C in the same sodium resul ts 
in cell voltages of the order of 100 mV at a current density of 1 mA/cm . 
After test, capacitances may be successfully measured between sample 
metal and a liquid-metal environment at room temperature without the 
necessity of intermediate anodizing in boric acid. 

The dryness of cover gas employed in the polarization cell and 
of glovebox helium during loading of the cell is of importance. It is not yet 
clear whether the sodium-moisture reaction product inhibits the film growth 
or is a direct cause of localized partial shorts . Argon employed as a cover 
gas presently is dried by cold trapping, reducing moisture content from 
about 20 to 4 ppm. The 2-3-ppm oxygen level of the tank argon pers i s t s in 
the purified gas. Glovebox helium contains about 2 ppm of moisture nor
mally (and has been as low as 1 ppm) and an oxygen level of 0.2 to 0.3 ppm 
is indicated. 

b. Lithium Corrosion Studies at Elevated Tempera tures . Two 
molybdenum alloys, Mo-0.5 w/o Ti and Mo-0.5 w/o Ti-0.08 w / o Z r ( T Z M ) were 
exposed to pure lithium at 1200°C for 8.7 days. The specimens were con
tained in pure molybdenum capsules and tested in a horizontal res is tance 
furnace under a positive helium pressure of about 38 Torr . 

Results indicated that the Mo-0.5 w/o Ti alloy was partially 
recrystal l ized, but TZM exhibited no apparent change in micros t ruc ture . 
No evidence of corrosion was detected on either mater ia l . 

An attempt was also made to study the effect of a metallic addi
tive to the lithium-tantalum system. The test was conducted in a manner 
similar to that mentioned above except that a small amount (0.36 g) of 
thorium was introduced to the system. After 8.7 days at 1200°C, it was 
shown that the lithium corrosion of tantalum with thorium additive was 
greatly accelerated. The gross attack was both inter- and t ransgranular 
in nature. The thorium was partially disintegrated. 

Since the ultrahigh-vacuum furnaces a re not yet ready for use, 
inhibitor studies at the 1200°C level will be continued. 

3. Irradiation Testing * 

a. Introduction. A large and expanding program of irradiation 
studies on fast reactor materials is in progress at the Laboratory. Materials 
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under i rradiat ion include both cerannic and metallic fuels in various fuel-
jacket alloys. The reac tors being used include CP-5, MTR, and EBR-II. 
It is expected that ETR will also soon be used, so that transfer of experi
ments from MTR will be minimized when it is made unavailable for capsule 
experiments . 

b. Metallic-fuel Irradiations. The forty-six irradiations presently 
underway are shown in Table XV. The specimens being irradiated in CP-5 
are from 10.16 to 15.24 cm long and are in instrumented capsules. Those 
in MTR are full-length EBR-II size (45.72 cm long) and are in instrumented, 
temperature-control led capsules. The specimens in EBR-II a re also full 
length and a re located in three special subassemblies. Most of the fuel 
alloys presently under irradiat ion are of the uranium-plutonium-fissium 
type because of their relevance to the EBR-II pyrometallurgical r ep rocess 
ing cycle. More recently, great interest has developed in high melting 
alloys of uranium and plutonium, such as U-Pu-Ti and U-Pu-Zr composi
tions. It is expected that specimens of these alloys will replace most of the 
fissium-type alloys in the irradiation program. 

TABLE M. Status of Metallic Fuel Irradiations In Progress 

N-15 
ND-23 
ND24 

N-)4 
NC-17 
NC-23 

N-10 
N-11 
ti-U 
CK-01 
CG-OZ 
CG-03 
CJ-01 
PB-OZ 

TC-1 
C-15Z P 
C-153 P 
C-155 P 
C-156P 
C-IS? P 
N-1 

N-8 
N-q 
CE-03 
EC-01 
CA-01 
CB-OZ 
CB-03 
C6-04 
CD-01 
CD-OZ 
LA-02 
PA-01 

C-93 
C-97 
C-9S 
C-99 
C-100 
C-101 
CM-01 

CP-5 
EBR-n 
EBR-II 

CP-5 
EBR-II 
EBR-II 

CP-5 
CP-5 
CP-5 
MTR 
EBR-I! 
EBR-II 
EBR-II 
EBR-II 

CP-5 
CP-5 
CP-5 
CP-5 
CP-5 
CP-5 
CP-5 
CP-5 
CP-5 
CP-5 
CP-5 
CP-5 
CP-5 
CP-5 
CP-5 
MTR 
MTR 
EBR-II 
EBR-II 
EBR-II 
EBR-II 
EBR-II 
EBR-II 
EBR-II 
EBR-II 
EBR-II 
EBR-II 
EBR-II 
EBR-II 
EBR-II 
EBR-II 
EBR-II 

Fuel 
Composition. 

w/o 

U-19 Pu-14Zr 
U-15 Pu-10 Zr 
U-15 Pu-10 Zr 
U-15 Pu-10 Ti 
U-15 Pu-10 Ti 
U-15 Pu-10 Ti 

U-10 Pu-10 Fz 
U-10 Pu-10 Fz 
U-10 Pu-10 Fz 
U-10 Pu-10 Fz 
U-10 Pu-10 Fz 
U-10 Pu-10 Fz 
U-10 Pu-10 Fz 
U-10 Pu-10 Fz 

U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 

U-a Pu-10 Fz 
U-20 Pu-10 Fz 
U-ZO Pu-10 Fz 
U-20 Pu-10 Fz 
U-20 Pu-10 Fz 
U-20 Pu-10 Fz 
U-20 Pu-10 Fz 

Clad 
Composition, 

w/o 

V-20Ti 
V-20Ti 
V-20 Ti 
V-20TI 
V-20Ti 
V-20Ti 

V-20Ti 
V-20Ti 
V-ZOTi 
Nb-l Zr 
Nb-1 Zr 
Nt)-1 Zr 
Nb-1 Zr 
Nb-1 Zr 

Nb-1 Zr 
Nt)-1 Zr 
Nb-1 Zr 
Nb-l Zr 
Nb-1 Zr 
Nb-1 Zr 
V-20 Ti 
V-20Ti 
V-20Ti 
V-20Ti 
V-ZOTi 
V-20Ti 
V-20Ti 
V-ZOTI 
V-20Ti 

Nb-l Zr 
V 

Nb-1 Zr 
Nb-l Zr 
Nb-1 Zr 
Nt}-1 Zr 
Nb-1 Zr 
Nb-1 Zr 
Hastelloy-X 
Nb-4V 

Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 

0.175 
0.177 
0.177 
0.173 
0,177 
0.177 

0.165 
0.161 
0.157 
0.156 

0.157 
0.157 
0.165 
0.161 
0.161 
0.169 
0.165 
0.161 
0,157 

0.156 
0.156 
0.156 
0.156 
0.156 
0.153 
0.156 

Clad 
Thickness, 

0.015 
0.016 
0.016 

0.015 
0.016 
0.016 

0.016 
0.016 
0.016 
0.015 
0.009 
0.009 
0.009 
0.009 

0.009 
0,009 
0.009 
0.009 
0.009 
0,009 
0.016 
0,016 
0.016 
0.016 
0.016 
0.016 
0.016 
0.016 
0.016 
0.015 
0.015 
0.009 
0.015 
0.015 
0.015 
0.009 
0.009 
0.011 
0.009 

0.009 
0.009 

Maximum Clad 
Temp, "C 

Burnup to Date 

(f/cm3) X 10'^* 

575 
575 

0.009 
0.009 
0.015 

445 
435 

430 
430 
430 
435 

0.30 
0.30 

0.15 
0.15 
0.15 

0.077 
0.073 

0.059 
0.063 
0.063 
0.064 
0,060 
0.056 
0.057 
0,058 
0.061 
0.062 
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c. Mixed-carbide Irradiations. Two forms of mixed carbide a re 
being irradiated: physical mixtures of powders of UC and PuC, and solid 
solutions of (U,Pu) C. The physical mixtures a re being studied in the form 
of vibratorily compacted rods. The solid-solution mater ia l is being studied 
as both vibratorily compacted rods and sintered pellets. The i r radiat ions 
in MTR are on specimens approximately 7.62 cm long in instrumented, 
temperature-controlled capsules. The specimens in EBR-II have a 33.02-
cm fuel length and are located in a special subassembly. The status to date 
is given in Table XVI. 

TABLE XVI. Status of UC-20 w / o PuC I r r a d i a t i o n s in P r o g r e s s 

Spec imen 
No. 

MV-1 
MV-2 
MV-3 
MV-4 
MV-5 
MV-6 
SMV-Z 
HMV-5 
NMV-11 

Reac tor 

MTR 
MTR 
MTR 
MTR 
MTR 
MTR 

EBR-I I 
EBR-II 
EBR-I I 

Clad 
Compos i t ion . 

w / o 

Nb-1 Zr 
Nb-1 Zr 
Nb-1 Z r 
Nb-I Z r 
Nb- I Zr 
Nb-1 Zr 
304 SS 
H a s t . - X 
Nb- I Z r 

Clad 
ID, 
in. 

0.257 
0.257 
0.257 
0.257 
0.257 
0.257 
0.257 
0.267 
0.257 

Clad 
T h i c k n e s s . 

in. 

0.012 
0.012 
0.012 
0.012 
0.012 
0.012 
0.020 
0.015 
0.012 

d. Uranium Sulfide Irradiations. 

Surface Te 

E, 

°C 

630 
650 
800 
660 
790 
620 
600 
600 
600 

ar l ier 

Clad 
mp , Ca lcu la t ed B u r n u p to Date 

a / o 

2.8 
3.9 
4.3 
3.3 
4.0 
4.1 
0.21 
0.21 
0.21 

(f/ 

i rradiations 

c m ' ) X 1 0 - " 

0.73 
1.0 
I . I 
0.87 
1.0 
1.1 
0.055 
0.055 
0.055 

of uranium 
sulfide have shown it to be a fuel with highly promising behavior. The 
material is highly stable under irradiation and re leases fission gas at ra tes 
significantly lower than from other ceramic fuels. Table XVII summarizes 
the irradiations now in progress . All specimens, clad in Nb-1 w/o Zr of 

TABLE XVn. Sta tus of U r a n i u m Sulfide 
I r r a d i a t i o n s in P r o g r e s s 

Specimen 
No. 

S-7 
S-8 
S-9 
S-IO 
S - U 
S-12 
S - I3 
S - I4 
S-15 
S-16 
S- I7 
S - I8 

Ma 
Sur 

x imum 
face T. 

°C 

560 
740 
7 50 
730 
520 
650 
670 
670 
570 
660 
780 
660 

Clad 
Calcu la ted 

a / o 

2.9 
4.5 
4.5 
4.5 
2.3 
3.0 
3.6 
3.5 
1.8 
3.6 
4.1 
2.4 

Burnup 
to Date 

( f / c m ' ) jt 1 0 - " 

0.69 
1.1 
I . I 
I . I 
0.49 
0.71 
0.76 
0.88 
0.33 
0.76 

0.50 



0.257-in. ID and 0.012-in. thickness, a re in instrumented tempera ture-
controlled capsules in the MTR. The specimen lengths are of the order of 
7.62 cm. 

D. Other Reactor Fuels and Materials Development 
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1. Nondestructive Testing 

a. Ultrasonic Instrument and Transducer Development. The mea
surement of velocities and attenuation in several samples of porous stain
less steel continued in order to determine the feasibility of using them as 
backing members in ultrasonic transducer probes. A linear relation between 
sample density and longitudinal wave velocity was shown, low-density sam
ples having a smaller velocity. An increase of approximately 0.062 x 10 m / 
sec per % of density increase was determined, with an assumed velocity of 
5.75 X 10^ m / s e c at 100% density. 

The longitudinal wave velocity and the density of polarized 
PZT-4 ceramic was also determined. This is the transducer mater ia l that 
is to be matched. The acoustic impedance in this material was determined 
to be 34 X 10' kg/{m^-sec). From the graph of velocity (of porous stainless 
steel) versus density, it has been determined that a sample of 90% dense 
mater ia l should have the same acoustic impedance as the PZT-4. The 
manufacturer has been notified of our findings and has started the fabrica
tion of a 90% dense sample disc of Type 316 stainless steel. 

b. Elastic Moduli of Fuel-jacket Materials. The results of room-
temperature measurements a re given in Table XVIII. 

TABLE XVIII. Room-temperature Elastic Propertie 

Material, w/o 

V-30 Ti-10 Cr 
as rolled 

V-20 Ti-5 Cr 
annealed 

V-20 Ti-2 Mo 
annealed 

V-20 Ti-2 Ta 
annealed 

V-15 Ti-7.5 Cr 
annealed 

V-15 Ti-5 Cr 
annealed 

V-20 Ti-2 Nb 
annealed 

V-5 Ti-15 Cr 
as rolled 

V-30 Ti-5 Cr 
as rolled 

Longitudinal 
Wave Velocity, 

10^ cm/sec 

6.03 

6.12 

6.22 

6.10 

6.20 

6.12 

6.07 

6.12 

6.00 

Shear Wave 
Velocity, 

10̂  cm/sec 

2.71 

2.86 

2.72 

2.90 

2.79 

2.76 

2.74 

2.90 

2.74 

Density, 
gnn/cm 

5.63 

5.76 

5.76 

5.78 

5.89 

5.87 

5.75 

6.19 

5.61 

Young's 
Modulus, 

10'^ dyne/cm^ 

1.08 

1.28 

1.18 

1.40 

1.26 

1.23 

1.19 

1.41 

1.16 

Shear 
Modulus, 

10'^ dyne/cm^ 

0.413 

0.469 

0.426 

0.522 

0.459 

0.449 

0.432 

0.519 

0.420 

Poisson's 
Ratio 

0.374 

0.362 

0.382 

0.376 

0.373 

0.372 

0.372 

0.356 

0.359 
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c. Development of a Neutron-image-intensification System. 
A second neutron-image-intensifier tube has been received and is being 
tested at Juggernaut reactor . The second tube contains a glass window 
similar to the one on the original tube except for two differences. The 
radius of curvature of the window of the new tube is la rger than that of 
the original tube window (see P rogress Report for February 1965, ANL-
7017, p. 57), thereby contributing to a reduced spacing between the win
dow and the input target. This should lead to improved resolution capability 
for the new tube. Tests to determine the resolution of the new tube are now 
in progress . 

Secondly, the new tube window is reported to contain less boron 
than that of the original tube. This should lead to improved output phosphor 
brightness, a fact apparently confirmed by visual inspection. A more nearly 
complete comparison of brightness outputs for the two tubes will be made. 
Prel iminary brightness measurements for the new tube indicate an im
provement of about 30% over the excellent brightness charac te r i s t ics of the 
original tube. 

A comparison of the neutron t ransmission of the mater ia l s of 
the old and new windows is also planned. 

d. Infrared Systems. Analysis of the indium antimonide infrared-
detection system has been in progress for several months. During the 
inspection of a flat plate sample, a gradual shift of the baseline of the pen 
recording was observed, accompanied by a loss in sensitivity and resolu
tion. Investigation revealed a heat buildup in the detector section of the 
system. To maintain the detector at a constant temperature , a Borg-Warner 
thermoelectr ic cooler was installed. 

Surfaces not of uniform emissivity introduce erroneous signals, 
degrading system performance. Tests a re being conducted to compare 
emissivity effects on InSb radiometer and thermistor sys tems. 

e. Thermal Conductivity of Irradiated Fuel versus Burnup and 
Temperature . Because of the high cost and long period of time required 
for the preparation of the t ransverse and longitudinal specimens made from 
each fuel pin, only the uranium alloy presently used as a reactor fuel, 
U-5 w/o Fs , is under consideration for investigation. Specimens a r e being 
made from five irradiated fuel pins of this alloy. Measurements at room 
temperature will begin as soon as the samples a re received. A final tr ial 
run of unirradiated fuel is presently being made in the cave. 
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E. Engineering Developnnent 

1. Two-phase Flow 

a. Void F r a c t i o n - - P r e s s u r e - d r o p Facility. An additional 300 hr 
of boiling runs have been made in the range from 1300 to 1600°F m an 
attempt to reproduce ear l ier data, as it has been found that the boiling is 
not as stable as that of 6 to 9 months ago. Possible reasons for this new 
behavior a re under study. 

The void-fraction data appear consistent with all previous runs. 
Calculations of the slip ratio yielded resul ts approximately four t imes 
higher than those predicted from resul ts of other experiments with lower-
tempera ture water or wate r -a i r . This discrepancy may be peculiar to 
liquid metals or it may be charged to e r r o r s in quality measurements and 
calculations owing to nonequilibrium effects. As soon as these final exper i 
ments a re complete, a topical report will be issued. 

2. Boiling Liquid-metal Technology 

a. Niobium-1% Zirconium Loop. All loop-support components a re 
being thoroughly cleaned in the storage and assembly room. Procedures 
have been selected and personnel assigned for the task of completing the 
loop-support s t ructure and attaching the main sodium loop assembly. The 
stainless steel support hangers and straps have been completed. Four of 
the tantalum rods for the thermal-radiat ion shield shutters were found to 
be defective when received from the vendor. To avoid additional delay the 
rods will be reworked in Central Shops; this procedure will not affect the 
integrity of the rod support. Tantalum sheet, round, and bar stock has 
been received for the assembly of the shield shutters , reflector and bal
ancing assembly, and the reflectors for the preheater . 

Instrumentation procurement and assembly are still in p rogress . 
Because of insulator difficulties, some of the Chromel-Alumel mobium-
sheathed thermocouples a re being reworked. Tests and calibration of the 
p re s su re t ransducers have revealed the necessity of a t empera tu re -
controlled environment for the electronic readout system. Equipment for 
the sodium-sampling and -purification system has been received and the 
system is being fabricated. The data-acquisit ion system has been integrated 
into the instrumentation system and channel-identification procedures a re 
complete. The pa r t i a l -p re s su re analyzer has been attached to the vacuum 
chamber and will be calibrated with nitrogen after pump down. 

b. Heater Experiments 

(i) Electron-bombardment Heater Experiment. The defective 
alumina insulator has been replaced and testing of the heater has resumed. 
No resul t s pertinent to the final design of the large Nb-1% Zr boiler a re 
available. 
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3. General Heat Transfer 

a. Countercurrent Liquid-metal Heat Exchanger. Investigation of 
a double-pipe, countercurrent liquid-metal heat exchanger has started. 

A general theory for arbi t rary velocity profiles is being devel
oped which will apply to a plug-flow model. An exact solution for the energy 
conservation equation, neglecting axial heat conduction, is being developed. 

Previous work on countercurrent flows is being investigated 
and rederived. 

The existing liquid-metal loop in Building 11 can be modified to 
attain countercurrent flow for an experimental check of the analysis. 

4. Manipulators for Handling Radioactive Materials 

The Electric Master-Slave Manipulator Mark E4 will have a number 
of improvements over the existing Model E3: greater coverage of •working 
volume, ability to approach work from a wider variety of directions, im

proved mechanical and electrical 
repairability, greater allowable dis
tance between master and slave work
ing stations and fewer conductors in 
the electrical cables. In addition, al
though the Mark E4 will have the same 
maximum 50-lb load capacity as the 
Model E3, the improved cooling will 
allow handling of this load for a 
longer period of time. A pair of 
Mark E4 slave a rms is i l lustrated 
in Fig. 18. 

The servo drive units, tongs, 
and wrist joints have been fabricated 
for two slave and two master a r m s . 
Fabrication of the parts for one Upper 
and one Lower Slave Arm is complete 
except for the "X" motion drive gears , 
which have a December delivery date. 
Many parts have been assembled. The 
Upper and Lower Slave Arms a re de
signed completely. 

UOWCR ARM 

Fig. 18. A Pair of ANL Mark E4 Slave Arms 

The layout d r a w i n g s of the Dr ive and Body A s s e m b l y a r e f in i shed . 
The body s t r u c t u r e will inc lude i n t e g r a l cooling duc ts and i n t e g r a l g e a r 
hous ings for the "Y" and " Z " m o t i o n s . The output d r u m s and "Y" and " Z " 
mo t ion output d r i v e g e a r s a r e in f ab r i ca t ion . B r a k e s for each mo t ion a r e 
ye t to be des igned . 
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The layout w o r k on the m a s t e r a r m is about 35 p e r c e n t c o m p l e t e . 
The m a s t e r a r m wi l l employ t a p e s r a t h e r than c a b l e s to p rov ide l o w e r 
f r i c t i on and thus g ive the o p e r a t o r b e t t e r " fee l . " 

A s e c o n d a m p l i f i e r c o n s o l e i s a p p r o x i m a t e l y c o m p l e t e (one c o n s o l e 
i s r e q u i r e d for e a c h m a s t e r - s l a v e a r m ) . T h e s e c o n s o l e s a r e d e s i g n e d to 
d e l i v e r full power in a m b i e n t t e m p e r a t u r e s up to 115°F. Des igns have^been 
w o r k e d out and t e s t e d which wi l l a l low o p e r a t i o n in a m b i e n t s up to 135 F 
when r e q u i r e d . 

F . C h e m i c a l S e p a r a t i o n s 

1. F l u o r i n a t i o n and Vola t i l i ty S e p a r a t i o n s P r o c e s s e s 

a. R e c o v e r y of U r a n i u m f rom L o w - e n r i c h m e n t F u e l s : L a b o r a t o r y 

Suppor t Work 

(i) T h e r m a l D e c o m p o s i t i o n of P lu ton ium Hexa f luo r ide . In one 
c o n c e p t of the f lu id -bed f luor ide vola t i l i ty p r o c e s s for l o w - e n r i c h m e n t oxide 
fuels u r a n i u m and p lu ton ium oxides a r e f luo r ina ted with f luor ine to p r o d u c e 
vo la t i l e u r a n i u m and p lu tonium h e x a f l u o r i d e s which a r e s e p a r a t e d f rom one 
a n o t h e r by t h e r m a l d e c o m p o s i t i o n of p lu tonium hexa f luo r ide to p r o d u c e so l id 
Plu tonium t e t r a f l u o r i d e . Data on the k i n e t i c s and m e c h a n i s m of the t h e r m a l 
d e c o m p o s i t i o n of P u F ^ have b e e n r e p o r t e d previously^^ a s wel l a s the r e 
s u l t s of t e s t s c o n f i r m i n g the feas ib i l i ty of s e p a r a t i n g p lu tonium f rom g a s e o u s 
m i x t u r e s of UF^ and PuF(, by t h e r m a l d e c o m p o s i t i o n of p lu tonium h e x a 
f luo r ide .^ ' R e c e n t l a b o r a t o r y s u p p o r t s t ud i e s have b e e n devoted to o b s e r v 
ing the b e h a v i o r of vo la t i l e f i s s ion p roduc t f l uo r ides dur ing the t h e r m a l 
d e c o m p o s i t i o n p r o c e s s wi th p a r t i c u l a r e m p h a s i s on d e t e r m i n i n g the effect 
of t h e s e f l u o r i d e s on the r a t e of P u F ^ d e c o m p o s i t i o n and on the pur i ty of the 
PUF4 p roduc t . 

The e x p e r i m e n t s involved the con t inuous r e c y c l e of a g a s 
eous m i x t u r e con ta in ing U F „ P u F „ vo la t i l e f i s s ion p roduc t f l uo r ide s ( M o F , 
and T e F . ) and n i t r o g e n at 300°C th rough a v e s s e l packed with n i cke l b a l l s . 
The d e c o m p o s i t i o n r a t e of P u F , was e s t i m a t e d f rom p e r i o d i c a n a l y s i s of 
s a m p l e s of the gas p h a s e . The r e s u l t s i nd i ca t ed tha t the p r e s e n c e of M o F , 
and T e F . in the g a s m i x t u r e did not affect the P u F ^ d e c o m p o s i t i o n r a t e . 
The da t a a l s o showed no c l e a r i nd ica t ion of any effect of the quant i ty of P u F , 
in i t i a l ly p r e s e n t in the d e c o m p o s i t i o n v e s s e l on the d e c o m p o s i t i o n r a t e . 
A n a l y s e s of the P u F ^ d e p o s i t showed a m a x i m u m u r a n i u m con ten t of 0.04 w / o 
and a m o l y b d e n u m c o n c e n t r a t i o n of 0.016 w / o . A su i t ab l e m e t h o d for d e 
t e r m i n i n g t e l l u r i u m con ten t of the so l id s i s being deve loped . 

'^Fischer, J., Trevorrow, L. E., and Shinn, W., The Kinetics and Mechanism of the Thermal Decomposition 
of PuFc I Phys. Chem. 65, 1843 (1961). 

29f7i;^ow L Fischer J.7"and Riha, I., L.iboratory Invesligations in Support of Fluid-bed Fluoride Volaulily 
Processes.' Part III. Separation of Gaseous Mixtures of Uranium Hexafluoride and Plutonium Hexafluoride by 
Thermal Decomposition, ANL-6762 (August 1963). ^ 
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(ii) Corrosion of Nickel and Nickel Alloys by Volatile Fluoride 
Compounds. A laboratory-scale program has been established to evaluate 
the corrosion of nickel and nickel alloys by certain volatile fission product 
fluorides. A ser ies of tests were performed to determine the rate of co r 
rosion of nickel and nickel alloys by TeF^^ and to compare the corrosion 
rates with those obtained with SeF^ and SF^. In a test in which nickel-200, 
Monel, and Inconel coupons were exposed to TeF^ at 500°C for 19 hr, it was 
observed that the consumption of TeF^ was very rapid and it was frequently 
necessary to add TeF^ to the system to maintain a TeF^, p ressu re of 100 mm. 
At the conclusion of the test it was observed that the nickel reaction vessel 
was filled with a light-grey fluffy solid. The corrosion ra tes for the speci
men coupons based on weight loss varied widely: for nickel-200, 0.017 to 
0.078 mi l /hr ; for Monel, 0.000 to 0.016 mi l /hr ; and for Inconel, 0.001 to 
0.028 mi l /h r . Intergranular attack to a depth of 0.2 mil was observed on 
nickel-200 specimens. No intergranular attack was found on the Monel or 
Inconel specimens. X-ray diffraction analyses of the corrosion deposits 
indicated the presence of NiTe^, NiTe, NiF^, and (for Monel) Cu^.xTe. 

Comparison of intergranular-penetrat ion data obtained in 
tests with SFj, SeF^, and TeF^, indicate that the intergranular attack on 
nickel and nickel alloys produced by TeF^ is significantly less than that 
produced by either SFj or SeF^. It should be noted, however, that TeF^, 
unlike SF^ and SeF^, does cause corrosion of nickel, Monel, and Inconel, 
probably by a surface reaction to form tellurides of nickel and copper and, 
to a lesser extent, to form NiF2. Previous tests in which mixtures of TeFj 
and fluorine were used resulted in comparatively low corrosion ra t e s . 

Further work in this program will concern measuring the 
rates of corrosion of nickel and nickel alloys by MoF^, and UF(,. 

(iii) Neptunium Fluoride Chemistry. Neptunium-237 can be ex
pected to be a significant contaminant in highly i rradiated low-enrichment 
fuels. A knowledge of the pertinent physical and chemical propert ies of 
neptunium fluorides (NPF4 and NpF^) is necessary in order to devise meth
ods for achieving complete separation of uranium and plutonium from 
neptunium by the fluoride volatility process . Recent work has been con
cerned with the measurement of the rate of reaction between NpF4 and 
fluorine at various temperatures to form NpFj and the determination of 
whether or not any intermediate fluorides a re formed during the fluorina
tion of NPF4. 

The NpF4 used in this study was prepared by reaction of 
NpO, at 500°C with hydrogen fluoride in the presence of oxygen. Reaction 
ra tes were measured for the fluorination of NPF4 at 250 and 300°C. The 
react ion-ra te data were treated by means of a diminishing-sphere model 
in which F, the fraction of NPF4 reacted, is related to a rate constant k' 
and a reaction time t by the expression 
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1 - F ) ' ' ^ = 1 - k't . 

Values of k' calculated for the reaction of NpF4 with fluorine at 250 and 
300°C were 0.0010 to 0.0065 min" ' , respectively. Based on these values, 
an apparent activation energy for the reaction NpF4 + F^ ^ NpFj, was cal 
culated to be approximately 22 kcal /mole . Chemical and X-ray analyses 
of samples of the residue taken during the fluorination tests will be used 
to determine if any intermediate fluorides a re formed during the fluorina

tion reaction. 

b. Recovery of Uranium from Low-enrichment Fuels: Engineer-
ing Work 

(i) Engineering-scale Alpha Facility. Final shakedown ex
periments prior to the introduction of plutonium into the engineering-scale 
alpha facility have been completed. These experiments consisted of a 
two-zone oxidation-fluorination test with a charge of 8.8 kg of UO^ pellets 
and a tes t simulating the separation of PuF^ from gaseous mixtures of 
PuF,-UF6 by thermal decomposition of PuF^ to solid PUF4. In general 
the tests were considered satisfactory and provided not only additional 
operating experience but also a thorough check of operating procedures. 

Concurrent with the final shakedown tes ts , leak testing and 
sealing of the large alpha box containing the process equipment were ac
complished in preparation for experiments with plutonium-containing 
ma te r i a l s . 

(ii) Finorination of UO.-PuO,-fission Product Pel lets . Devel
opment studies a re being performed in a 2-in.-dia fluid-bed reactor to 
determine optimum conditions for fluorinating UO,-PuO, pellets contain
ing fission products and to establish those conditions that would resul t in 
a Minimum retention of uranium and plutonium on the fluid bed of alumina 
par t ic les . A run was completed in which a 2-in.-deep bed of UO,-PuO,-
fission product pellets was reacted by the following reaction sequence 

1) a two-zone oxidation-fluorination step at 450;C for 3 hr, (2) a single-
zone fluorination step at 450"C for 2 hr with 7 v/o fluorine in mtrogen m-
roduced at the bottoL of the reactor , and (3) a - c y ^ ^ l - ^ - ^ f - l'^ 

with 90 v/o fluorine at 450°C for 1 hr , 500°C for 3 hr, and 550 C for 8 hr . 
During the two-zone and single-zone fluorination steps, the fluidized-
packed bed was pulsed every 40 sec with nitrogen (50 psig N, pulse dura
tion 0.04 sec) to agitate the pellets and thereby ^^^^^^.^^ I . ^ "" ' "exner i 
utilization. Caking of the alumina bed (a difficulty which had been experi
enced in previous tes ts , see P rog re s s Report for June 1965, ANL-7071, 
o„ 44.45) was avoided by slowly increasing the fluorine concentration 
during the initial stages of the recycle-fluorination step and thereby avoid
ing localized tempera ture excursions. 
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The final a l u m i n a bed f rom this run w a s e n t i r e l y f r e e -
flowing; no caking of a l u m i n a p a r t i c l e s was o b s e r v e d . The final u r a n i u m 
and p lu tonium c o n c e n t r a t i o n s in the a l u m i n a bed w e r e 0.004 and 0.007 w / o , 
r e s p e c t i v e l y , r e p r e s e n t i n g u r a n i u m r e m o v a l s of > 9 9 . 9 % and p lu ton ium r e 
m o v a l s of 97% for a s ing l e u s e of the a l u m i n a bed . 

(iii) C l eanup of Ce l l E x h a u s t A i r C o n t a m i n a t e d wi th P l u t o n i u m 
H e x a f l u o r i d e . S tud ies con t inued of the c l e a n u p of a i r c o n t a m i n a t e d with 
p lu tonium h e x a f l u o r i d e . C u r r e n t s t u d i e s have involved the e v a l u a t i o n of 
p e r f o r m a n c e of f i l te r m e d i a in the f i l t r a t i on of a e r o s o l s . In p r e v i o u s e x 
p e r i m e n t s ^ " in which PuF^, was r e l e a s e d into a i r con ta in ing an e x c e s s of 
m o i s t u r e , it was o b s e r v e d tha t the f r a c t i on of p lu ton ium p e n e t r a t i n g two 
s u c c e s s i v e A E C f i l t e r s in s e r i e s r a n g e d f rom 1 0 " ' to 1 0 " ' . The ex t en t of 
th i s v a r i a t i o n which could be a t t r i b u t e d to the f i l t e r s h a s not b e e n d e t e r 
m i n e d . S m a l l s e c t i o n s of f i l t e r m e d i a m i g h t be e x p e c t e d to h a v e i n h e r e n t 
l a r g e v a r i a t i o n s in p e r f o r m a n c e , m u c h g r e a t e r , in fact , t han l a r g e r s e c t i o n s 
of f i l t e r m e d i a , s i nce in l a r g e r s e c t i o n s the v a r i a t i o n s a r e a v e r a g e d . E q u i p 
m e n t was c o n s t r u c t e d to eva lua te the f i l t r a t i on p e r f o r m a n c e s of f i l t e r s af ter 
the f i l t e r s a r e m o u n t e d in h o l d e r s that a r e u s e d in e x p e r i m e n t s . The p r i n 
c i p a l c o m p o n e n t s of the e q u i p m e n t a r e an a e r o s o l g e n e r a t o r and a l i gh t -
s c a t t e r i n g p h o t o m e t e r to m e a s u r e the a e r o s o l c o n c e n t r a t i o n . 

In the a e r o s o l g e n e r a t o r , ^ ' DOP [ d i ( 2 - e t h y l h e x y l ) - p h t h a l a t e ] 
i s d i s p e r s e d by an a i r j e t s u b m e r g e d in the l iquid . The c o a r s e p a r t i c l e s in 
the a e r o s o l a r e r e m o v e d by a j e t i m p a c t i o n s t a g e . The a e r o s o l c o n c e n t r a 
t ion w a s m e a s u r e d with a l i g h t - s c a t t e r i n g dev i ce wi th a 90° a v e r a g e s c a t t e r 
ing ang le . 

The quant i ty of a e r o s o l p e n e t r a t i n g the t e s t f i l t e r s w a s d e 
t e r m i n e d f rom four p h o t o m e t e r r e a d i n g s which inc luded two r e a d i n g s of the 
r a w s m o k e (at the beginning and end of the t e s t ) , a b a c k g r o u n d r e a d i n g for 
c l e a n f i l t e r ed a i r , and a r e a d i n g of the f i l t e r e d s m o k e . Af te r c o r r e c t i n g 
each r e a d i n g for the backg round , the f i l te r p e n e t r a t i o n w a s c o m p u t e d by 
dividing the f i l t e r ed s m o k e r e a d i n g by the a v e r a g e of the two r e a d i n g s for 
the r a w s m o k e . In g e n e r a l the r a w s m o k e r e a d i n g s d i f fe red by a p p r o x i 
m a t e l y 3%. 

The effect of a i r - f l o w r a t e on f i l t e r p e n e t r a t i o n and the 
effect of a s m a l l ho le on f i l ter b e h a v i o r w e r e e x a m i n e d wi th 1 0 - c m - d i a 
d i s c s cut f rom a s h e e t of AEC f i l t e r m e d i a . When the a i r - f l o w r a t e w a s 
r e d u c e d f rom 115 to 30% of r a t e d flow (2.5 c m / s e c ) for th i s type of f i l t e r 
m e d i a , the p e n e t r a t i o n of the m e d i a r ap id ly d e c r e a s e d f rom 0.03 to 0.002%. 

Chemical Engineering Division Summary Report luly, "AuRust, September 1962, ANL-6696 pp 123-125 
1 9 6 3 . ~ 

3'Echols, W.H., and Young, J. A., Studies of Portable Air-operated Aerosol Generators NRL-5929 
duly 1963). • 
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However, for the same disc with a pin hole in it (area of hole 6 ppm of 
entire filter area) , the penetrations were higher by an order of magnitude 
and increased with a decrease in flow rate since at the lower flow rate a 
greater fraction of the air passed through the hole. The high penetration 
of a pr imary AEC glovebox filter in an accidental PuF^, re lease (see P r o 
gress Report for June 1965, ANL-7071, pp. 45-47) was attributed to the 
presence of a small hole in the filter. In this case the penetration of plu
tonium through the torn filter media was higher by an order of magnitude 
than through a perfect filter. In the case of the accident the plutonium 
was stopped by additional filters in se r ies . 

The penetration values obtained from several discs cut 
from the sheet of filter media indicated that there was a slight variation 
in penetration among the discs . The penetration at 30% rated flow averaged 
0.0012% with a standard deviation of 19% for the individual values. At 100% 
rated flow, the average penetration was 0.023% and the standard deviation 
for the individual values was 8%. Although these variations a re not con
sidered to be significant in t e rms of the resul ts of previous studies on the 
gas-phase hydrolysis of PuF„ the variations may, however, be highly 
significant in a refined experimental program on the evaluation of filter 
performance. 

(iv) Studies with Irradiated UOp-PuO^ Fuels . Studies with i r 
radiated oxide fuel mater ia l s are being conducted in a bench-scale fluid-
bed unit installed in the Chemical Engineering Division senior cave the 
facility consists of a i f - i n . - d i a fluid-bed reactor and a packed bed filter 
with associated equipment for the containment of volatile chlorides and 
fluorides produced in the process (see P rogress Report for May 1964, 
ANL-6904, pp. 89-90). 

Two experiments were performed with UO^ fuel, which had 
been i r radiated to 20,000 MWd/ton and cooled 18 months, by ^ e a n s of a two-
step reaction sequence: (1) the pellet fuel was reacted with 48 v/o HF m 
oxygen at 400<'C for 4 hr, and (2) the powdered mater ia l from step 1 was 
r ^ c t e d with 2 to 20 v/o F , in nitrogen for 3 hr at 400 to 450°C. Less than 
0 4% of the gross beta-gamma activity volatilized from the reactor during 
the HF oxygen t reatment . During this t reatment, the activities which were 
partly volatile were Sb, Mo, Tc, and apparently Ru. The nonvolatile activi
ties during the fluorination step were the r a r e ear ths , Sr, Zr, and Cs. 
During fluorination, Sb, Ru, and Nb were only partly volatilized The de-
contamination factors for uranium collected on a sodium fluoride rap ranged 
from 1 5 x 1 0 ^ to 10^ from various fission products. Decontamination from 
Mo and Tc was low since these elements are collected with the uraniunri 
product on the sodium fluoride t rap . Uranium losses to the reactor and 
packed-bed filter beds were about 0.25 w/o of the uranium charged. 
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In an e x p e r i m e n t with Z i r c a l o y - c l a d UOj fuel m a t e r i a l , the 
p r o c e s s i n g s e q u e n c e involved (1) dec l add ing of the fuel with HCl a t 400°C 
for 1.5 h r , (2) ox ida t ion of the fuel wi th 20 v / o oxygen in n i t r o g e n a t 450°C 
for 4 h r , and (3) f l uo r ina t i on wi th 10 to 83 v / o f luo r ine in n i t r o g e n a t 450 
to 550°C for 15.5 h r . The UF^ p r o d u c t was c o l l e c t e d in a s e r i e s of r e f r i g 
e r a t e d c o n d e n s e r s ; no s o d i u m f luor ide pu r i f i ca t ion t r a p s w e r e u s e d in th i s 
e x p e r i m e n t . The r e s u l t s i nd i ca t ed the fol lowing: 

(1) About 1.2% of the be t a and 4 .5% of the g a m m a a c t i v i t i e s 
vo l a t i l i z ed f rom the r e a c t o r d u r i n g the dec l add ing s t ep . 

(2) About 0.2% of the be t a and 0.7% of the g a m m a a c t i v i t i e s 
vo l a t i l i z ed f rom the r e a c t o r d u r i n g the ox ida t ion s t e p . 

(3) U r a n i u m d e c o n t a m i n a t i o n f a c t o r s f rom be t a and g a m m a 
a c t i v i t i e s for the p r i m a r y s e p a r a t i o n f rom the r e a c t o r 
to the U F j p roduc t c o n d e n s e r s w e r e a p p r o x i m a t e l y 30. 

(4) The u r a n i u m l o s s to the r e a c t o r and f i l t e r b e d s a f te r 
f luor ina t ion was about 0.4% of the u r a n i u m c h a r g e d . 

G. Sodium Coolant C h e m i s t r y 

1. C h e m i s t r y of C a r b o n in Liquid Sodium 

a. R e a c t i o n s of Ca rbon Compounds with Sodium. A s tudy on the 
r e a c t i o n s of c a r b o n compounds with sod ium at e l e v a t e d t e m p e r a t u r e s h a s 
been in i t i a t ed . This s tudy wi l l employ gas c h r o m a t o g r a p h y and o t h e r c h e m 
i ca l t e chn iques for the a n a l y s i s of the so l id , l iquid , and g a s e o u s r e a c t i o n 
p r o d u c t s . In o r d e r to gain e x p e r i e n c e wi th t h e s e t e c h n i q u e s , s e v e r a l p r e 
l i m i n a r y e x p e r i m e n t s w e r e p e r f o r m e d with s o d i u m - N a 2 C 0 3 , a p r e v i o u s l y 
i n v e s t i g a t e d r e a c t i o n , and with s o d i u m - l a m p b l a c k and s o d i u m - g r a p h i t e 
s y s t e m s . 

The e x p e r i m e n t s c o n s i s t e d of hea t ing 2 g of r e a c t o r - g r a d e 
s o d i u m " with 0.1 g of the c a r b o n compound for 2 to 1 6 h r a t 7 0 0 ° C in s t a i n 
l e s s s t e e l or n i cke l c a p s u l e s in a he l i um a t m o s p h e r e . After coo l ing , the 
(unf i l te red) r e a c t i o n p r o d u c t s w e r e h y d r o l y z e d in d i lu te su l fu r i c ac id ; the 
g a s e s evolved w e r e a n a l y z e d by gas c h r o m a t o g r a p h y . The e x p e r i m e n t a l 
r e s u l t s may be s u m m a r i z e d a s fo l lows: 

1) U.S.I , r e a c t o r - g r a d e sod ium c o n t a i n s about 6 ppm c a r b o n 
a s c a r b o n a t e . 

2) Sodium c a r b o n a t e is u n s t a b l e in l iquid s o d i u m at 700°C. 
y ie ld ing d e c o m p o s i t i o n p r o d u c t s whose r e l a t i v e a m o u n t s 
v a r y with hea t ing t i m e . Sodium c a r b o n a t e d e c o m p o s e s to 

32 
United S ta te s I n d u s t r i a l C h e m i c a l Co. sod ium con ta in ing 29 ± 5 ppm to ta l 
c a r b o n . 
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a carbide or carbide-like compound as shown by the evolu
tion of C2H2 on hydrolysis of the sodium reaction product. 
The final product of Na^COj decomposition appears to be 
carbon (observed in the form of insoluble, black part icles 
after the hydrolysis). 

3) Lampblack and graphite do not react with sodium at 700°C 
to give carbides, as indicated by the absence of any signi
ficant amounts of carbon-containing gaseous hydrolysis 
products. 

These resul ts are in accord with the findings of Hobart, at Prat t and 
Whitney Aircraft-CANEL, who has made a more extensive study of the 
reactions of sodium and Na^COj at elevated temperatures . 

Several experiments similar to those above were made in which 
sodium was heated in nickel capsules in the presence of nitrogen, nitrogen 
and Na^COs, or (NH4) C2O4. In all cases cyanide was found in the aqueous 
hydrolysis products, as previously reported. 

b. Total Carbon Analysis. A series of experiments with respect 
to determination of graphitic carbon in sodium has been completed. Graph
ite thread (Union Carbide, Grade WCB, 99.96% graphitic carbon) was added 
to samples of U.S.I, sodium which were then carr ied through the analytical 
procedure.^* The resul ts , shown in Table XIX, indicate that elemental 
carbon in sodium can be determined by our usual analytical procedure. 
However, the variability in recovery found at the higher carbon concentra
tions is somewhat surprising. 

T A B L E 

Weight of 
Sod ium, g 

0.71 
0.94 
0 97 
0.57 
1.09 
1.01 

XIX. R' 

In 
Sodium 

20 

27 

2 8 

16 

31 

29 

ecove ry of Grapl 

Ca rbon , 

In G r a p h i t e 
T h r e a d 

4 4 

38 

189 
2 2 4 

337 

2 7 5 

l l t lC 

Mg 

C a r b o n 

Tota l 

64 

6 5 

2 1 7 

2 4 0 

3 6 8 

3 0 4 

Adoea to i 

Found 

67 

52 

187 
2 4 5 

3 2 4 

2 8 9 

)oaiu 

% R e c o v e r y 

105 

80 

86 
102 

88 

9 5 

"Hobar t E.W., and Bjork, R. J., TIM-90 (May 10, 1965). 
^^Combustion in an alumina boat with pure oxygen, followed by dissolution 

in dilute sulfuric acid and manometric measurement of liberated COj. 



2. Control of Sodium Oxide Impurity 

Evaluation of the two new electrochemical oxygen-analysis cells 
developed by United Nuclear Corporation (see P rogres s Report for August 
1965, ANL-7090, p. 53) continued. 

H. Plutonium Recycle Reactors 

1. EBWR Plutonium Recycle 

During the early part of September, preparations were completed 
for the initial loading of the plutonium elements to be used in the Plutonium 
Recycle Program. Thir ty-s ix of the plutonium elements were brought into 
the containment shell and placed in wet storage. Multiplication m e a s u r e 
ments were made of the storage rack to insure against inadvertent criticality. 

All work on systems needed for use in the cr i t ical program was com
pleted, including the nondestructive testing and repairing of welds. 

Several areas of the cladding inside the pr imary p re s su re vessel 
were prepared for observation during the course of the program by remov
ing the stainless steel cladding. The areas were measured and identified 
so that the effect of operation may be determined using a measuring micro
scope and other nondestructive techniques. Two windows, each 15 in. square, 
were cut in the shock shield to permit access to the test a reas during shut
down between periods of operation. 

The reactor vessel internals, steam duct, shock shields, and sample-
irradiation tubes which had been removed for vessel inspection were r e 
placed. Special instrumentation was procured, and cer ta in of the regular 
instrument detectors were relocated to provide six star tup channels. 

Loading began on September 13; crit icali ty was achieved on Septem
ber 22, 1965, with 22 plutonium elements in a 4 x 5 slab a r ray , plus an 
additional element on each end. 

Calibrations using a four-group, one-dimensional (cylindrical) dif
fusion theory predicted a cri t ical mass with 17.7 elements. 

The observed configuration will be compared with two-dimensional 
calculations to aid in resolving the loading discrepancy. These calcula
tions will make use of the recently revised THERMOS c o d e " to generate 
thermal-group cross sections. Previous calculations used the space-
independent SOFOCATE code in conjunction with the DTK code to account 
for spatial flux-weighting effects. 

Toppel, B. J., and Baksys, I., The Argonne-Revised THERMOS Code 
ANL-7023 (March 1965). ' ' 
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III. ADVANCED SYSTEMS RESEARCH AND D E V E L O P M E N T 

A. A r g o n n e Advanced R e s e a r c h R e a c t o r (AARR) 

1. G e n e r a l 

The a r c h i t e c t - e n g i n e e r for the AARR P r o j e c t , B u r n s and Roe, Inc . , 
h a s c o m p l e t e d the in i t i a l p lanning p h a s e of the T i t l e I effort . Al l a v a i l a b l e 
p r e l i m i n a r y d e s i g n s t u d i e s , e v a l u a t i o n s , and con t r ibu t ing da ta have b e e n 
r e v i e w e d by A - E key p e r s o n n e l , and the T i t l e I des ign effort h a s b e e n 
p l anned in d e t a i l . P E R T / T I M E n e t w o r k s have b e e n p r e p a r e d and i n c o r p o 
r a t e d into t he o v e r a l l p r o j e c t P E R T s y s t e m . R e s o u r c e e s t i m a t e s for in 
c l u s i o n in the P E R T / C O S T s y s t e m have a l s o b e e n suppl ied . The A - E h a s 
now b e e n given a p p r o v a l to s t a r t the T i t l e I d e s i g n p h a s e . 

2. C r i t i c a l E x p e r i m e n t s 

E x p e r i m e n t a t i o n h a s s t a r t e d to supply i n f o r m a t i o n needed to loca te 
n e u t r o n d e t e c t o r s in AARR. I m p o r t a n t a d v a n t a g e s would ex i s t if m o s t of 
the n e u t r o n d e t e c t o r s could be p l aced in the l a t e r a l sh ie ld , j u s t ou t s ide the 
p r e s s u r e v e s s e l . F o r t h e s e d e t e c t o r s to be o p e r a t i o n a l l y use fu l at t h i s 
loca t ion , the n e u t r o n - f l u x l e v e l s at the d e t e c t o r s m u s t be r a i s e d s u b s t a n 
t i a l ly . T h e r e would be c o r r e s p o n d i n g i n c r e a s e s in the r a t e of r a d i a t i o n 
d a m a g i n g of the v e s s e l , by fas t n e u t r o n s , and in the t h e r m a l s t r e s s e s m 
the v e s s e l , b e c a u s e of c a p t u r e of g a m m a r a y s . In eva lua t ing the m e r i t s of 
a dev ice wh ich would r a i s e n e u t r o n - f l u x l e v e l s , t h e s e a s s o c i a t e d effects 
m u s t be c o n s i d e r e d . 

F o r the c a s e of a full w a t e r t h i c k n e s s (no windows) , r a d i a l t r a v e r s e s 
of n e u t r o n a c t i v a t i o n r a t e s have b e e n m a d e wi th ind ium fo i l s . The da ta w e r e 
a c c u r a t e up to a r a d i a l d i s t a n c e of 80 c m . Beyond 80 c m , the ac t i va t ion 
l e v e l s w e r e too low for r e l i a b l e m e a s u r e m e n t s wi th the ind ium. Ove r l app ing 
m e a s u r e m e n t s w e r e m a d e wi th a m o v a b l e BF3 c o u n t e r , which p r o v i d e d da ta 
at g r e a t e r d i s t a n c e s in w a t e r , up to and beyond the t ank w a l l ( ins ide s u r f a c e 
at 152 4 cm) The r a d i a l t r a v e r s e s i nd i ca t ed tha t the a c t i v a t i o n l eve l s is 
r e d u c e d by m o r e than 5 d e c a d e s f r o m the ou te r edge of the b e r y l l i u m r e 
f l ec to r to the r e f e r e n c e l oca t i on of the ins ide s u r f a c e of the AARR p r e s s u r e 
ves s e l . 

To m e a s u r e t he e f f ec t i venes s of a g r a p h i t e "window," a g r a p h i t e 
b lock (52 c m wide , 42 c m high, and 52 c m thick) was p o s i t i o n e d at the i n s ide 
s u r f a c e of the t ank wa l l . T h i s b lock r a i s e d the a c t i v a t i o n l eve l of the 
B F , c o u n t e r , p o s i t i o n e d j u s t beyond the t ank wa l l , by two o r d e r s of m a g n i 
t u d e . T h i s l e v e l should be adequa te for the n e e d s of the o p e r a t i o n a l n u c l e a r 
i n s t r u m e n t a t i o n of AARR. 

S i m i l a r m e a s u r e m e n t s w e r e m a d e wi th a s o m e w h a t s m a l l e r s t a c k of 
a l u m i n u m , c o m p o s e d of 24 p i e c e s of sol id a l u m i n u m , e a c h of d i m e n s i o n s 
46 c m X 46 c m X 2.54 c m th ick . F o r d i r e c t c o m p a r i s o n , a g r a p h i t e b lock 
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of increased thickness (~60 cm) was used. On the basis of data obtained 
with a BF3 counter at the outside surface of the thin steel tank, when these 
blocks were pushed back against the tank wall, the aluminum and the graphite 
were of comparable effectiveness as neutron windows. 

Radial t r ave r ses have been made, with indium foils, through the 
aluminum stack and through a thinner graphite block. The displacement of 
water by the stack raised the activation levels so that indium-foil data were 
accurate at much greater radial distances. 

This program of experiments is continuing. Also, an effort is being 
made to measure relative magnitudes of gamma flux, at the radial distance 
corresponding to the reference radius of the p re s su re vessel for AARR, 
for various neutron windows. 

The present schedule of the fuel-foil supplier calls for final ship
ments of fuel foils during the week of October 18, 1965. Therefore, it is 
unlikely that experiments with the next loading of fuel foils could begin 
before the middle of November 1965. 

3- Theoretical Analyses of the Critical-facili ty Reactors 

New 16-group cross-sec t ion sets have been constructed for diffusion-
theory calculations for each of 4 loadings of fuel foils and boron-s ta inless 
steel ( B - S S ) poison strips: (l) 315 fuel foils; no boron; (2) 615 foils; 
420 B-SS str ips; (3) 810 foils; 810 B-SS s t r ips ; and (4) 1215 foils; 2000 B-SS 
str ips . The first three systems represent actual cr i t ical-faci l i ty loadings 
that have been studied experimentally. 

For the above-thermal groups, these sets are identical to c ro s s -
section sets selected ear l ier and used in various reactivity computations 
(see P rogress Report for March 1965, ANL-7028, pp. 73-74). The cross 
sections for the two thermal groups have been revised, principally the 
t ransport cross sections and the cross sections for net downscattering 
from group 15 (O.l to 0.4 eV) to group 16 (O to 0.1 eV). In getting these 
cross sections for the thermal groups, the THERMOS p r o g r a m " was ap
plied to infinite-medium calculations, using the Nelkin kernel for the scat
tering matrix of water. 

By means of these new cross -sec t ion l ib ra r ies , 16-group diffusion-
theory calculations have been made of the reactivity and of various co
efficients of reactivity of systems (l) to (4). Results of some of these cal 
culations a re summarized below. 

Honeck, Henry C , THERMOS. A Thermalization Transport Theorv Code 
for Reactor Lattice Calculations, BNL-5826 fSept 1961) 
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For the 31 5-fuel-foil loading, with 10% Lucite in the beryll ium r e 
flector, the calculated kgff is 1.052. F rom this must be subtracted the 
reactivity effect of the gross heterogeneities in the spatial distribution of 
fuel foils, est imated to be 3.0% (see P rogress Report for March 1965, 
ANL-7028, p. 74). The net mismatch between theory and experiment then 
is approximately 1.6%, with calculation overestimating reactivity. For 
this loading, reactivity coefficients were computed for small percentages 
of voids in water in the reactor . A 10% uniform void in the Internal 
Thermal Column (iTC) corresponded to a reactivity gain of 0.37%. A uniform 
10% void of water in the active core zone was calculated to reduce reactivity 
by 2.7%; the corresponding measurement was -0.16%/% void in the core 
water (see P rog re s s Report for May 1965, ANL-7046, p. 69). 

For the 61 5-fuel-foil loading with 420 B-SS str ips, the calculated 
reactivity was 5.0%. F rom this must be subtracted the reactivity effect of 
the still heterogeneous loading of fuel foils (this has not been calculated 
vet) The net available reactivity of this system was measured to be 3.7/o 
(see P r o g r e s s Report for December 1964, ANL-6997, p. 55). The net m i s 
match is est imated to be approximately l/2% to 1%, with theory over
estimating the reactivity. With the Lucite removed from the beryll ium 
reflector, the calculated reactivity was 6.0%; the measured reactivity was 
4 9% (see P r o g r e s s Report for March 1965, ANL-7028, p. 75), but part of 
the mismatch is due to the aforementioned fuel heterogeneity. For a 
10% void in the core water, calculation yielded a reactivity loss of 2.57o; 
the measured coefficient was -0.23%/% void in core water (see P rogres s 
Report for February 1965, ANL-7017. p. 75). For small percentages of 
voids in the ITC, calculation indicated +0.032%/% void; measurement 
yielded +0.05%/% void. Removal of the boron from the core corresponded 
[o a calculated reactivity gain of 10.5%; removal of " " l / ^ ^ " . ° V i W i n . 
boron loading was calculated to be worth 5.2%. Thus, for this ^ - 1 loading, 
220 g natural boron control 10.5% in reactivity. For the conversion from 
a reflector with 10% Lucite and 90% beryllium, to a 100% beryll ium re 
flector, calculation indicated a reactivity gain of 1.0%; the measured value 
was +1.2%. 

For the current loading of 810 fuel foils and 810 B-SS s t r ips , the 
calculated reactivity was 4.4%; the measured value was 2.9% ^ ^ ^ P ^ g f " ^ 
Report for May 1965, ANL-7046, p. 68) For small ITC voids, calculation 
fnd'cated a reJct ivi ty effect of +0.034%/% void; the ^^^^"^^^^ ^^^^^Te^icts 
0 05%/% void. For small, uniform voids in core water, calculation predicts 
-0 22%/% void m core water; the measured value was ".O-^^ V % vo^d;^^/^e" 
moval of half of the boron provided a computed reactivity gain of 6.6%, an 
T d d i t t n a l 7.9% was gained by removing the remaining 50% of the boron. 
Thus, 425 g natural boron control 14.5% in reactivity, for this loading. 

It was calculated that a loading of 1215 standard (0.0044-in.-thick) 
fuel foils and 2000 B-SS str ips would be supercr i t ica l by 0.9%, and that. 
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for s m a l l changes in th i s n u m b e r of B-SS s t r i p s , the r e a c t i v i t y effect of 
r e m o v i n g b o r o n is +1.0% p e r 100 B-SS s t r i p s (conta in ing 52.5 g n a t u r a l 
bo ron) . Thus , a s s u m i n g that the r e a c t i v i t y m i s m a t c h i s , say , l'|-%, a loading 
of 1215 fuel foils and 1750 B-SS s t r i p s would be s u p e r c r i t i c a l by a p p r o x i 
m a t e l y 2%. 

4. Heat T r a n s f e r 

a. Ana ly t i ca l S tud ie s . A s u m m a r y of p r e v i o u s ( s ee P r o g r e s s 
R e p o r t for August 1965, ANL-7090 , pp. 60-62) and s u p p l e m e n t a r y ho t -
channe l c a l cu l a t i ons for AARR t r a n s i e n t s is g iven in Tab le XX, in which 
*DNB ^s ^^^ m a x i m u m s u r f a c e hea t flux which can be m a i n t a i n e d with 
nuc lea t e boi l ing, fj. the f r ac t ion of hea t going into vo id s , and r is the bubble 
c o l l a p s e (or r emova l ) t i m e . 

T A B L E XX. S u m m a r y of Condi t ions for AARR H o t - C h a n n e l . 
T r a n s i e n t C a l c u l a t i o n s at 100 MW 

Run No. 

8 A * 

201 

2 0 2 

2 0 3 

204 

2 0 5 
2 0 6 

207 

*DNB, ' ' 1 0 - , 
B t u / h r -

6.25 
5.0 

5 .0 

6.19 
6.19 
6.25 
5.0 

5 .0 

ft^ f r 

0 .1 

0.075 
0.05 
0.05 
0.05 
0.1 

0.05 

0.05 

T, 

m s e c 

10 

10 

10 

10 

10 

10 

10 

10 

R e a c t i v i t y 
I n s e r t i o n 

$1.00 s t ep 
$1.00 s t ep 
$1.00 r a m p * * 
$1.00 r a m p 
$1. 00 r a m p 
$1.00 s t ep 
$1.00 r a m p t 
with rod ac t ion 
$1.50 r a m p ' 
with rod ac t ion 

Axia l Heat 
G e n e r a t i o n 
D i s t r i b u t i o n 

Skewed 
Skewed 
Skewed 
Skewed 
C o s i n e 
C o s i n e 
Skewed 

Skewed 

*In Run 8A, the in i t ia l fluid ve loc i ty th rough the channe l was 45 f t / s e c . 
In al l o ther runs , the in i t ia l ve loc i ty was r e d u c e d by a f ac to r of 1.08. 

**A11 r a m p r e a c t i v i t y addi t ions w e r e a c c o m p l i s h e d in 33 m s e c . 
Con t ro l rods a s s u m e d i n s e r t e d with four "g" a c c e l e r a t i o n following a 
1 0 - m s delay . Signal given at 130% of in i t i a l power . 

The magni tude of l a r g e p r e s s u r e s u r g e s p r e d i c t e d dur ing c e r t 
t r a n s i e n t s is affected s t rong ly by the n u m b e r of equal s e c t i o n s into which 
the axia l length is divided for the compu ta t i on . In view of t h i s t e n d e n c y as 
we l l as the e r r o r s inhe ren t in neg lec t ing sonic effects and v a r i a t i o n s of 
s a t u r a t i o n t e m p e r a t u r e with loca l p r e s s u r e , it is be l i eved tha t the h y d r o -
dynamic ( p r e s s u r e ) output f r o m C H I C - K I N " should be i n t e r p r e t e d as p r o 
viding a qua l i t a t ive indica t ion of p o s s i b l e t r o u b l e r a t h e r than as a r e l i a b l e 
quant i ta t ive indica t ion . 

Redfield, J. A., CHlC-KIN - A Forlran Program for Intermediate and Fast Transients in a Water-
Moderated Reaclor, WAPD-TM-479 (Jan 1965). 

a i n 
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A second conclusion is that the CHIC-KIN code predicts no 
melting of fuel for a one-dollar r a m p " reactivity addition in 33 msec with 
subsequent control rod action. This contrasts with results of previous 
analog studies (see P rog re s s Report for December 1964, ANL-6997, pp. 53 
and 54) in which melting was predicted because of the assumption of com
plete insulation past departure from nucleate boiling ( D N B ) . The CHIC-KIN 
code makes no such assumption. In this part icular transient, transit ion 
boiling is predicted past DNB, but the drop in power level results m an 
insulation decrease and a re turn to more stable nucleate boiling and con-
vective heat t ransfer regimes. More information about heat transfer rates 
beyond the cr i t ical heat flux is required to determine if the CHIC-KIN r e 
sults a re accurate . 

Finally, it can be concluded that for the same average heat 
generation in the fuel, an axial cosine distribution of heat generation appears 
to be a less severe case than the skewed distribution adopted for damage 
studies, pr imar i ly because of the higher local heat fluxes present m the 
skewed representat ion. 

b. Experimental P rogram 

(i) Steady-state Tests . Heat transfer tests are ^eing conducted 
to determine the maximum steady-state power level feasible with ^e AARR 
Mark-I reference core design. High power levels and associated severe 
d e r m a l conditions in these steady-state tests have destroyed three test 

h)'",v.. LL'r.;:s r^::iL^. '^ r.r.i:s .t^p» 
that operation to within a few percent of calculated burnout conditions is 
possible Experience and use of the Zenkevich-Subbotin correlat ion served 
as guides in the testing of Test Section III. 

This third test section was fabricated with rounded corners 
to reduce local heat fluxes. Single-element p re s su re drop versus flow 
curves were directly measured at three powers. The posit ive-displacement 
^umpsrng le -channe l system was employed; at the operating p re s su re of the 
i;7er:Z demand cur've of the pump was considerably ^^eeper ha an 
e l t imated p r e s s u r e drop versus flow curve; thus no "^^^ ^^^^^^^^^^^ 
pected. At each power the flow was progressively reduced until 'he system 
was as close to an expected burnout point as experience has shown o be 
r e r m " sible. During the run at highest power the minimum flow rate was 
approached too closely and an actual burnout occurred, destroying the 
section. 
38The t e r m "melting" is used here to indicate that the melting tempera ture 

has been reached and does not consider the t ime required to melt the fuel. 
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The r e s u l t s a r e shown in F i g . 19. Ove r the r a n g e s t e s t e d , 
t h e r e was no m i n i m u m p r e s s u r e d r o p for any of the t h r e e input p o w e r s . 
A l s o shown is a p u m p a c c u m u l a t o r d e m a n d c u r v e . 

T e s t r e s u l t s show tha t for the t h r e e c o n d i t i o n s , a v e r a g e 
power d e n s i t i e s of 9.7, 11.8, and 13.2 M w / l w e r e a t t a i n e d . An a x i a l p o w e r 
d i s t r i b u t i o n f ac to r of - 1 . 4 2 is e s t i m a t e d for the h o t t e s t r e g i o n s of the t e s t 
s ec t ion ; t h e r e f o r e , peak power d e n s i t i e s of 13.7, 16.75, and 18.7 M W / l w e r e 
r e a c h e d . A c o m p a r i s o n of the da ta of condi t ion 3, for wh ich b u r n o u t a c t u a l l y 
o c c u r r e d , wi th the Zenkev ich -Subbo t in c o r r e l a t i o n i n d i c a t e s tha t the b u r n o u t 
hea t flux was about 5.12 x 10^ B tu / f t ^ -h r , w h e r e a s the m a x i m u m hea t flux 
at burnou t for the t e s t s ec t i on was 5.84 x 1 O' B t u / f t ^ - h r . 

(ii) T r a n s i e n t Hea t T r a n s f e r T e s t s . The effect of r a p i d power 
t r a n s i e n t s upon the hea t t r a n s f e r , fluid flow, and c r i t i c a l hea t flux in an 
AARR coolan t channe l wi l l be e x p e r i m e n t a l l y m e a s u r e d in the t r a n s i e n t 
hea t t r a n s f e r t e s t s in tended to check the a c c u r a c y of a n a l y t i c a l m e t h o d s for 
p r e d i c t i n g burnou t dur ing t r a n s i e n t s . 

In analog s tud i e s a 3 3 - m s e c t r a n s p o r t t i m e of the coo lan t 
w a t e r t h r o u g h the c o r e was u s e d for the t i m e i n t e r v a l du r ing which r e a c 
t iv i ty is l i n e a r l y i n s e r t e d . R e a c t o r power was h ighes t b e t w e e n 35 and 
40 m s e c af ter s t a r t of r a m p i n s e r t i o n s . A p p r o x i m a t e l y a o n e - d o l l a r r a m p 
i n s e r t i o n in th i s t i m e ( $ 3 0 . 0 0 / s e c ) r e p r e s e n t e d the t h r e s h o l d for fuel 
me l t i ng to o c c u r . Dur ing th i s t r a n s i e n t , the r a t i o of peak to in i t i a l p o w e r 
was 6:1. 

The f eas ib i l i t y of us ing a 1500-kW d .c . p o w e r supply which 
c o n s i s t s of four r e c t i f i e r un i t s c o n t r o l l e d by s a t u r a b l e m a g n e t i c a m p l i f i e r s 
has been d e m o n s t r a t e d . The a m p l i f i e r s a r e c o n t r o l l e d by b i a s (exc i ta t ion) ' 
c u r r e n t s which v a r y the amp l i f i e r i m p e d a n c e . The b i a s - c o n t r o l c i r c u i t r y 
h a s been r e w i r e d to a l low l a r g e r s t ep c h a n g e s in b i a s c u r r e n t for a s h o r t e r 
du ra t i on . By v a r i n g the du ra t i on of the b i a s c u r r e n t , the t i m e of m a x i m u m 
pu l sed power can be v a r i e d f r o m 30 to 100 m s e c ; by v a r y i n g the m a g n i t u d e 
of the b i a s c u r r e n t , the r a t i o of m a x i m u m to in i t i a l p o w e r for e a c h t i m e 
p e r i o d can be s e l e c t e d . By u s e of a s ing le r e c t i f i e r uni t and pu l s ing it f r o m 
the lowes t p o s s i b l e in i t i a l power , it is p o s s i b l e to obta in m a x i m u m - t o - i n i t i a l 
power r a t i o s be tween 4 and 5 for a pu l s e d u r a t i o n (and t i m e to m a x i m u m 
power) of 38 m s e c . Th i s power r a t i o b e c o m e s s m a l l e r a s the in i t i a l p o w e r 
is i n c r e a s e d ; thus it m a y be n e c e s s a r y to des ign d i f fe ren t t e s t s e c t i o n s to 
obtain data at each r e a c t o r power l eve l of i n t e r e s t . 

^ c i r c u i t which a u t o m a t i c a l l y o p e r a t e s the power supplv 
and i n s t r u m e n t a t i o n dur ing power t r a n s i e n t s h a s been d e s i g n e d , bui l t and 
t e s t e d . With th i s c i r c u i t the in i t ia l , m a x i m u m , and final p o w e r s as w e l l a s 
the t i m e to m a x i m u m power , can be p r e s e l e c t e d . The c i r c u i t s w i t c h e s the 
f a s t - r e s p o n s e r e c o r d e r on, a l lows t i m e for the r e c o r d e r to a t t a m c o r r e c t 
speed , p u l s e s the power to the t e s t s ec t ion , and s w i t c h e s the r e c o r d e r off 
aga in . 
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5. F u e l and M a t e r i a l s D e v e l o p m e n t 

a. F u e l . S tud ies of the e n c a p s u l a t i o n of b u r n a b l e p o i s o n s by the 
M a r t i n Co. have d e m o n s t r a t e d the f e a s i b i l i t y of coa t ing Z r B z wi th e l e m e n t a l 
s t a i n l e s s s t e e l by m e t a l l i c depos i t i on . Unl ike an e a r l i e r a t t e m p t to en 
c a p s u l a t e ZrB2 wi th ox ides of s t a i n l e s s s t e e l e l e m e n t a l c o n s t i t u e n t s and 
s u b s e q u e n t r e d u c t i o n of t h e s e ox ides in the s a m e m a n n e r as u s e d for 
coa t ing UO2, the m e t a l l i c depos i t i on coa t ing p r o c e s s a p p e a r s to r e s u l t in 
v e r y l i t t l e l o s s of b o r o n . 

De lay a s s o c i a t e d with d e l i v e r y of the v a r i o u s t y p e s of UO2 r e 
qu i r ed for the r o l l i n g - e v a l u a t i o n s t u d i e s , b e c a u s e m u c h m a t e r i a l i s o u t s i d e 
s p e c i f i c a t i o n s , has been r e s o l v e d by a d e c i s i o n to a c c e p t the m a t e r i a l p r o 
duced . The s i t ua t ion po in t s to a p o s s i b l e m a j o r p r o b l e m in f u l l - c o r e p r o 
c u r e m e n t and p r o v i d e s e x p e r i e n c e to be d r a w n upon in p r e p a r i n g c o n t r a c t 
s p e c i f i c a t i o n s in tha t r e g a r d . 

h- C o n t r o l B l a d e s . D e l i v e r y of the f i r s t s e t of a c t i v e c o n t r o l b l ad es 
for eva lua t ion s t u d i e s h a s been m a d e . Af te r c a l i b r a t i o n and e v a l u a t i o n in 
the c r i t i c a l fac i l i ty , the b l ades wi l l be t e s t e d in the h y d r a u l i c t e s t loop and 
f inal ly sub jec t ed to c o r r o s i o n t e s t i n g . The s h i p m e n t inc luded: 

(i) one S M - 1 - t v p e b lade con ta in ing 32 w / o Eu jOj , 14.3 w / o TiOj , 
and 53.7 w / o 304 s t a i n l e s s s t e e l ; 

(ii) one P M - 3 - t y p e b l ade , con ta in ing 31.3 w / o EU2O3, 14 w / o 
Ti02 , and 54.6 w / o 304 s t a i n l e s s s t e e l ; 

(iii) one b lade con ta in ing 37 w / o EU2O3, 16.6 w / o T i02 and 
46.6 w / o s t a i n l e s s s t e e l ; 

(iv) one b lade con ta in ing 19 w / o EU2O3, 22.6 w / o HiO^, and 
58.6 w / o 304 s t a i n l e s s s t e e l . 

All b l a d e s a r e 5.5 in, wide , 22 in. long, and 0.200 in. th i ck , a p p r o x i m a t i n g 
a f u l l - s i z e d AARR c o n t r o l b l a d e . With m i n o r e x c e p t i o n s , the b l a d e s a p p e a r 
to be capab l e of p r o d u c t i o n - l i n e f a b r i c a t i o n to AARR r e q u i r e m e n t s . 

^- D e v e l o p m e n t of R e a c t o r C o m p o n e n t s 

A p r o t o t y p e , a l u m i n u m , c o r e - s u p p o r t g r i d h a s b e e n m a c h i n e d f r o m 
6 - i n . - t h i c k p l a t e ( s ee P r o g r e s s R e p o r t for May 1965, A N L - 7 0 4 6 , p . 77). It 
i s be ing set up for a s t r e s s - a n a l y s i s t e s t in wh ich loading wi l l be s i m u l a t e d 
by a n u m b e r of h y d r a u l i c j a c k s and s t r e s s e s d e t e r m i n e d by a c o m b i n a t i o n 
of s t r a i n gauges and photo s t r e s s e q u i p m e n t . 
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7. P r i m a r y S y s t e m and C o m p o n e n t s 

A second t e s t to d e t e r m i n e the c o r r o s i o n r a t e of b e r y l l i u m in d e -
ion ized w a t e r flowing at 44 fps (at 200°F) is in p r o g r e s s . The s u r f a c e a r e a 
of b e r y l l i u m e x p o s e d to w a t e r (27.6 l i t e r s ) is 125 cm^. R e s u l t s p r e v i o u s l y 
r e p o r t e d ( s e e P r o g r e s s R e p o r t for August 1965, A N L - 7 0 9 0 , p . 63) w e r e 
for a s i m i l a r t e s t in wh ich the exposed b e r y l l i u m a r e a was 12.5 c m . 
Weight l o s s e s and c o r r e s p o n d i n g c o r r o s i o n r a t e s u n d e r both condi t ions 
a r e shown be low. 

12.5 cm^ E x p o s e d A r e a 125 cm^ Exposed A r e a 

C o r r o s i o n C o r r o s i o n 
T i m e Weight L o s s Ra te T i m e Weight L o s s Rate 
(hr) ( m g / c m ^ ) (mpy) (hr) (mg/cm^) (mpy) 

0.22 4.1 92 0.16 3.3 
2.9 518 0.33 1.2 

97 
478 0.75 
1150 1.75 2.8 

T h e s e da t a i n d i c a t e tha t the l a r g e r the exposed s u r f a c e a r e a of b e r y l l i u m , 
the l o w e r the c o r r o s i o n r a t e u n d e r the condi t ions of the t e s t . 

A t h i r d t e s t , aga in wi th 125 cm" of exposed b e r y l l i u m but with an 
a l u m i n u m s u r f a c e a l s o exposed , is in p r o g r e s s ; the r e s u l t s of th i s t e s t 
should h e l p c l a r i f y the effect of s u r f a c e a r e a on c o r r o s i o n r a t e . 

The t e s t to d e t e r m i n e the effect of hea t flux on c o r r o s i o n of 6061-
T6 a l u m i n u m con t i nues ( s ee P r o g r e s s R e p o r t for August 1965, ANL-7090 . 
p 63) The t e s t h a s cont inued for 793 h r , with only one i n t e r r u p t i o n for 
f l o w - c o n t r o l a d j u s t m e n t . At the midd le of the s p e c i m e n be ing t e s t e d , w h e r e 
the s p e c i m e n - w a t e r i n t e r f a c e t e m p e r a t u r e is 258°F, suff icient c o r r o s i o n 
p r o d u c t h a s f o r m e d to i n c r e a s e the t e m p e r a t u r e on the outs ide of the s p e c i 
m e n by 78°F At the cons t an t hea t flux of 8.2 x 10^ B t u / f t " - h r and a t h e r m a l 
conduc t iv i ty of 1.3 B t u / f t - h r - F . th i s 78°F change c o r r e s p o n d s to an oxide 
t h i c k n e s s ( c o r r o s i o n p roduc t ) of 1.48 m i l s . This t e s t wi l l be cont inued . 

B. M a g n e t o h y d r o d y n a m i c s 

1. L i q u i d - m e t a l G e n e r a t o r S tudies 

The N a K - n i t r o g e n loop ( s e e P r o g r e s s R e p o r t for August 1965, 
A N L - 7 0 9 0 , pp. 65-67) h a s b e e n b rough t to o p e r a t i o n a l s t a t u s . The following 
t a s k s w e r e c o m p l e t e d du r ing the r e p o r t i n g p e r i o d . 

a The e l e c t r i c a l i n s t a l l a t i o n of the g e n e r a t o r was c o m p l e t e d . 
The g e n e r a t o r was coupled to the e x t e r n a l v a r i a b l e i m p e d a n c e load and the 
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entire apparatus was checked out. Calibrations of the thirteen t rans i s to r 
banks were obtained. 

b. A closed-circuit television system was installed to view the 
fluid behavior inside the generator. Observations will be made of the film 
stability under various operating conditions. 

c. The nitrogen-supply system was installed; it includes a se r ies 
of three orifices and two t ransducers to cover a mixture quality range 
of 0-60%. 

d. All remaining instrumentation such as p ressu re t ransducers , 
thermocouples, etc., was installed. 

e. The entire loop was encased with Lucite and aluminum shielding. 

A prel iminary design study of a la rge-scale induction MHD generator 
suitable for commercial application was started. This study will investigate 
the effect of such factors as generator wall thickness, wall conductivity, 
copper electr ical loss, iron core temperature , winding geometry, and cur
rent on the performance of an induction generator. These pa ramete r s , 
which are of great importance in a practical generator design, have not 
been considered in the highly idealized models in the l i te ra ture . 

2. MHD Condensing Injector 

Studies of liquid-metal MHD power cycles have indicated the potential 
of the one-fluid condensing-injector cycle. Since the overall efficiency of 
such a cycle depends on the performance of the condensing injector, prep
arations are being made for the design, construction, and testing of a 
Freon-11 condensing injector. For this purpose the Freon Loop heat-
exchanger capacity and power input have been balanced and final designs 
have been established. Two heat exchangers have been fabricated in the 
shop and a third exchanger has been modified. The dimensions of the 
res is tance-heater sections have been established, with res is tances matched 
to available power. 

C Energy-conversion Systems 

1. Regenerative EMF Cells 

^- Lithium Hydride Cell Studies. Thermal-analysis studies have 
continued of various salt systems which have potential application as elec
trolytes for the lithium hydride emf cejl. The electrolyte presently being 
considered is a ternary mixture of LiH, LiCl, and Lil having a melting 
point of about 325°C. The solid-liquid equilibrium data defining the three 
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sides of the t e rnary diagram, the LiH-LiCl, LiH-LiI, and Lil-LiCl systems, 
have now been determined. All are simple eutectic systems: the LiH-LiCl 
eutectic (34.0 m / o LiH) melts at 495.6°C, the LiH-LiI eutectic (23.5 m / o 
LiH) at 390.8°C, and the Lil-LiCl eutectic (34.0 m / o LiCl) at 368.4°C. 

These resul ts indicate that lithium hydride cell operation is 
possible in an all- l i thium electrolyte down to about 350'=C. At this t empera
ture , the open-circuit potential of the lithium hydride-saturated cell is 
about 0.5 V with all components at their standard states [LiH(s), Li(^), 
1 atm H2(g)]. 

b. Sodium-Bismuth Cell Studies. The cell Na(^)/NaI-NaCl-NaFU)/ 
Na-Bi liquid alloy (30 a/o Na) has been operated at a temperature of 544 C 
for seven days. The maximum temperature gradient of the interior of the 
cell was ±0.6°C and the variation with t ime was ±1.1°C over the entire period 
of operation. The tempera ture uniformity was instrumental in reducing 
i r r eve r s ib l e t ransfer ( i r revers ib le t ransfer of sodium from the anode to 
the cathode occurs by two mechanisms: thermal convection and diffusion) 
to a ra te approaching that of diffusion. The initial cell voltage was 0.6084 V 
and decreased at a l inear rate of 4.0 x 10"^ v / h r . This rate of change indi
cates that a tempera ture-emf profile cannot be obtained in a single cell 
experiment designed to yield thermodynamic data because of the changes 
in concentration of sodium in the cathode. 

A single c rys ta l of NaCl machined into a cylindrical cup has 
been used as a solid electrolyte and as the anode container in cells r ep re -
sented as follows; 

Na( i ) /NaCl(s) /Na-Bi liquid alloy (X^a = a/o Na = 10, 20, 30). 

I r r evers ib le t ransfer due to diffusion is very slight in these cells . The 
nternal res i s tance ranged from 2 x lO' ohms at 250°C to lO" ohi^s at 700 C. 

Voltages were measured by means of an amplifier using an e lect rometer 
I p u t over this entire t empera ture range. These and other measurements 
w m b r u s e d in deriving th'e required thermodynamic proper t ies of sodium-
Ms muth alloys at low tempera tu res for cell design charac er i s t ics and at^ 
high t empera tu res to elucidate the regenerat ive pa ramete r s of the system. 

c Vanor-l iauid Equnihr ium Studies of the Sodium-Bismuth System, 
As a par t of an^xpe r imen ta l p rogram to obtain vapor-liquid equilibria data 
for the h igh- tempera ture portion of a sodium-bismuth regenerat ive cell 
system, otal vapor p r e s s u r e s have been measured both by a boiling point 
I n f r q u a s i - s t a t i c methods for the binary sodium-bismuth systems con-
taTning 90, 80, 75, 60, 50, and 40 a/o sodium. Vapor compositions were 
measured at 900°C by the t ranspi ra t ion method for the 40 and 20 a/o 
sodium sys tems . The resul ts have been incorporated into a virtually 
complete p ressure-compos i t ion diagram showing the 900°C isotherms for 
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l iquid and v a p o r e q u i l i b r i u m c u r v e s 
( s ee F i g . 20). A r e a s o n a b l e , ex 
t r a p o l a t e d p a r t of the v a p o r e q u i l i b 
r i u m c u r v e is shown wi th a d a s h e d 
l ine . 

We have found the m e l t i n g 
point of NajBi to be h i g h e r (838°C) 
than the va lue r e p o r t e d in the l i t e r a 
t u r e ^ ' (775°C). The e n t i r e l iqu id-
sol id p h a s e d i a g r a m in the l i t e r a t u r e , 
t h e r e f o r e , is in doubt . 

P r e v i o u s s t u d i e s at A r g o n n e 
of r e g e n e r a t o r o p e r a t i o n have shown 
that it is i m p o r t a n t that the liquid 
e q u i l i b r i u m c u r v e of the l i q u i d - v a p o r 
loop not i n t e r s e c t the l i q u i d - s o l i d 
r eg ions of the p h a s e d i a g r a m . This 
condi t ion is a c h i e v e d by s e l e c t i n g a 
suff ic ient ly high o p e r a t i n g p r e s s u r e . 
If l iquidus i s o b a r s , which c a n be 
d e r i v e d f r o m the m e a s u r e d p r e s s u r e 
v a l u e s , a r e p lo t t ed on a t e m p e r a t u r e -
c o m p o s i t i o n d i a g r a m t o g e t h e r wi th 
the l i q u i d - s o l i d r e g i o n s which m a y 
be expec ted to be in a c c o r d wi th the 
r e d e t e r m i n e d m e l t i n g point of Na3Bi, 
one m a y conc lude tha t a p r e s s u r e of 

about 200 to 250 m m wil l be needed in an ope ra t i ng r e g e n e r a t i v e s o d i u m -
b i s m u t h ce l l . In t u r n , th i s would ind ica te a p r o b a b l e r e g e n e r a t i o n t e m p e r a 
t u r e of about 1200°C. 

1 VAPOR 

Q I M I t I 
30 

0/0 

^ L ^ 
3 50 60 70 60 90 lOO 

in LIQUID PHASE 

" g . 20. 900 C Isotherms for Total Pressure in 
Sodium-Bismuth Alloy System 

A s m a l l e x p e r i m e n t a l b i m e t a l l i c r e g e n e r a t o r , s i m i l a r to the 
one p r e v i o u s l y u s e d to r e g e n e r a t e s o d i u m f r o m lead ( s ee P r o g r e s s R e p o r t 
for Apr i l 1965, ANL-7045 , p . 58), i s being c o n s t r u c t e d to ve r i fy the above 
condi t ions for the s o d i u m - b i s m u t h s y s t e m . 

2. B ime ta l l i c Ce l l s 

a- S o d i u m - L e a d B ime ta l l i c S y s t e m . An e x p e r i m e n t a l s o d i u m -
lead b ime ta l l i c ce l l a p p a r a t u s with a t t a ched t h e r m a l r e g e n e r a t o r i s be ing 
a s s e m b l e d . The ce l l p r o p e r i s c o n s t r u c t e d with a f rozen e l e c t r o l y t e -
s i l i cone r u b b e r i n s u l a t o r - s e a l , s i m i l a r to that of the s o d i u m - b i s m u t h c e l l 
now in ope ra t ion as a b a t t e r y ( see P r o g r e s s R e p o r t for J a n u a r y 1965, 
A N L - 7 0 0 3 , p. 74). The r e g e n e r a t o r is c o n s t r u c t e d of s t a i n l e s s s t e e l and 

" H a n s e n , M , , and Anderko , K,, Cons t i tu t ion of B i n a r y Al loys , M c G r a w - H i l l 
Book Co. , Inc . , New York, p, 322 (1958), 
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is s imi lar to the regenerator previously used to demonstrate the feasibility 
of regenerating sodium from lead (see Progress Report for April 1965, 
ANL-7045, p. 58). 

b. Multiple Bimetallic Cell. An experimental multiple bimetallic 
cell sys tem with three cells stacked in ser ies , electrically, is being as 
sembled. The unit is provided with weirs to allow the electrode metals and 
electrolyte to flow from the top through the three cells to a reservoi r at 
the bottom. The unit can be used with either sodium-lead or sodium-
bismuth e lectrodes . 

At present no regenerator is included with the unit; however, 
in a complete system the spent cathode mater ia l from the reservoi r at the 
bottom would be pumped to a regenerator where sodium would be removed 
by distillation from the lead or bismuth. The separated sodium and lead 
or bismuth would then be returned to the upper cell anode and cathode, 
respectively. 

A glass and plastic model has been used to check the weir-
system design and operation at room temperature . Water (density, 1 gm/ 
cm^), tetrabromopthane (density, 3 gm/cm^), and mercury (density, 13.5 gm/ 
cm^) have been employed to simulate the sodium (density, 0.8 gm/cni ), 
electrolyte (density, 2.5 gm/cm^), and lead alloy (density, ~9 gm/cm ), 
respectively Under these conditions, satisfactory operation was achieved. 
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IV. NUCLEAR S A F E T Y 

A. R e a c t o r K ine t i c s 

1. Equa t ion of S ta te for F a s t R e a c t o r A c c i d e n t s 

E x p e r i m e n t a l m e a s u r e m e n t s of the shock c o m p r e s s i o n of m a t e r i a l s 
cove r an i m p o r t a n t r a n g e of p r e s s u r e - v o l u m e r e l a t i o n b e t w e e n s t a t i c c o m 
p r e s s i o n m e a s u r e m e n t s and the r a n g e w h e r e t h e o r i e s of h ighly c o n n p r e s s e d 
m a t t e r a r e va l id . Such m e a s u r e m e n t s u sua l l y l ead to l i n e a r r e l a t i o n s b e 
tween the shock ve loc i ty Ug and the p a r t i c l e ve loc i ty Up (in the a b s e n c e of 
p h a s e t r a n s i t i o n s ) : 

Us = C + SUp. 

E x p e r i m e n t s m a d e with m e t a l l i c u r a n i u m y ie lded the fol lowing 
v a l u e s of the c o n s t a n t s : 

( 1 ) 

C = 2.55 k m / s e c ; S = 1.504. 

In the l i m i t of z e r o p a r t i c l e ve loc i ty , the shock ve loc i ty m u s t be the 
sonic ve loc i ty and equal to C, which is a v a i l a b l e f rom sonic t e s t da ta . It 
can be shown*° that at z e r o p r e s s u r e 

S = i ( 7 + l ) . (2) 

w h e r e 7 is the Gr i ine i sen r a t i o : 

7 = Va/(cCv, (3) 

V the speci f ic v o l u m e , a the v o l u m e t r i c t h e r m a l e x p a n s i o n coeff ic ient , 
/c the i s o t h e r m a l c o m p r e s s i b i l i t y , and C^ the hea t c a p a c i t y a t c o n s t a n t ' 
v o l u m e . If the c o n s t a n t s C and S a r e known, then the p r e s s u r e a f te r a 
shock, p, is r e l a t e d to the vo lume by 

^('•v^)/[. -'•-f. (4) 

and the e n e r g y is g iven by 

E = EoOK + ^ f l - - f - C K • 2 

pVo 

1 - S 1 
•v-J 

1-x 
v„ 

= •t'0°K + — 

H e r e t h e s u b s c r i p t z e r o i n d i c a t e s t h e u n s h o c k e d s t a t e . 

(5) 

40 
Rice, M. H., McQueen. R. G., and Walsh, J. M., "Compression of Solids by Strong Shocl; Waves." in 
Solid State Physics, Ed. by F. Seitz and D. Turnbull, Academic Press, N. Y,, (1958), Vol. VI. 
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The sonic velocity can be calculated from the compressibility and 
S can be estimated from physical propert ies and Eq. (2). The shock equa
tion of state for various reactor materials is being estimated from mea
sured physical propert ies and these equations. 

An experimental program to measure sonic velocities and derived 
compressibi l i t ies for reactor mater ia ls of typical purity and porosity is 
being initiated. High-temperature measurements are to be made since 
accidents can be considered to initiate while the reactor is at power. 

2. Transients with Thorium-Uranium Fuel 

Six EBR-II-type Th-20 w/o U fuel pins have been run in TREAT to 
a range of conditions extending from no damage to extensive failure. All 
were exposed, in an inert gas atmosphere, using standard transparent melt
down capsules. Although photographs showed the high-velocity expulsion of 
bond sodium, resulting from cladding failure, that is characteris t ic of the 
sodium-bonded EBR-II fuel type, fuel movement was dominated by gravity 
rather than by internal p ressure (see Progress Report for January 1965, 
ANL-7003, p. 77). 

Metallographic and electron microprobe analyses of samples from 
the TREAT specimens have been completed. Figure 21 shows a longitudinal 
section taken from a pin given a power burst of 0.43-sec half-width, and for 

' 3 

Micro BK 271 (Spec. 879) 250X 

Fig. 21. Longitudinal Section through the Fuel of Capsule 2. The 
fiber structure of the original extrusion was not changed 
by the TREAT experiment. 
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which m a x i m u m cladding s u r f a c e t e m p e r a t u r e s of 1330 and 1360°C w e r e 
m e a s u r e d . The o r i g i n a l f iber s t r u c t u r e of the u r a n i u m p h a s e in a t h o r i u m 
m a t r i x is r e t a i n e d , even though the u r a n i u m p h a s e of the a l loy m u s t h a v e 
been above i t s so l idus t e m p e r a t u r e . A p p a r e n t l y the h i g h e r - m e l t i n g t h o r i u m 
m a t r i x gave suppor t to the a l loy a s a whole . Thus the m e t a l l o g r a p h i c e x 
amina t i on , when c o m b i n e d with the p o s t m o r t e m in spec t i on , p r o v i d e s an e x 
a m p l e of a fuel ma in t a in ing i t s i n t e g r i t y in an e x c u r s i o n during wh ich i ts 
so l idus t e m p e r a t u r e is e x c e e d e d b r i e f ly . 

F i g u r e 22 is a t r a n s v e r s e s ec t i on t aken f rom the bo t tom, in the 
r eg ion of f a i l u r e , of a pin given an e n e r g y input a p p r o x i m a t e l y 16.5% g r e a t e r 

I 

Micro BK 134 (Spec. 882) 22.5X 

Fig. 22. Cross Section through Fuel, Molten Material and Stainless 
Steel Cladding of Capsule 3. The molten metal is bonded 
with both to the stainless steel cladding and the fuel. The 
crack through the molten metal was probably formed dur
ing or shortly after solidification. 
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than that received by the sample of Fig. 21. The grey, mottled circle is a 
c ross section of the fuel rod showing the ends of the uranium grains. The 
semici rcular annulus is solidified mater ia l from the upper portions of the 
pin. Although a reaction zone is clearly shown in the fuel, the circular 
c ross section of fuel is retained. The cladding failure in this region was a 
p r e s s u r e failure, with the cladding opening up like the pages of a book: the 
light, nearly horizontal band at the bottom of Fig. 22 is cladding. The gap 
between fuel and cladding is indicative of the lateral deformation suffered 
by the fuel, although it maintained its general shape. Figure 22 indicates 
that cladding failure and escape of sodium occurred appreciably before the 
light grey alloy ran down the pin, reacted with the fuel, and solidified. 
Electron microprobe analysis showed this "reaction product" ranging from 
within the fuel to the cladding to be an alloy of variable composition between 
the Th-U fuel and the stainless steel cladding. It contained no sodium. 

3. Remotely Controlled Camera Stage for Hot Cell Examinations 

Post-TREAT examinations of highly i rradiated meltdown samples 
must be conducted remotely in the ANL hot laboratory facilities. A special, 
remotely controlled, movable horizontal stage has been developed for photo
graphing sample remains in order to provide precision alignment, to speed 
operations, and to reduce handling by cave manipulators. This stage, or 
horizontal camera table, has a 56-cm longitudinal by 10-cm t ransverse 
travel , and a load capacity of 2.2 5 kg over the full span of table motion. It 
is designed to be used with a wall-penetrant hot-cell camera. 

A t r ave r se speed of 2.5 cm/sec is obtained by means of standard 
Bodine motors equipped with a l l -metal slip-clutches and driving roller 
chains through sprockets . Self-enclosed V-ways with lightly preloaded 
rol ler bearings a re used throughout as table supports to reduce drag while 
retaining maximum load capacity with minimum play and chatter. 

Type 6061 aluminum alloy is employed as a structural mater ia l 
throughout. Total weight of the assembled unit, including motors and drives, 
is 17.7 kg, sufficiently close to the design goal of 1 6 kg to be accommodated 
by slight adjustment of the focusing stage counterweights. 

Spring-loaded, momentary-contact , double-pole, double-throw 
switches allow revers ing with maximum response and permit the operator 
to make small incremental movements. Elect r ica l access to the moving 
platform which houses motors and drives is obtained through a replaceable 
coiled cable. The unit has been found to operate quite satisfactorily during 
actual specimen examinations with smooth motion, essentially no coasting 
or over t ravel , and adequate control for closely positioning samples, even 
with 3X camera magnification. 

*'Doe, W. B., Low Power Stereo Camera, Proc . Fifth Hot Lab and Equip
ment Conference, 1957, Pergamon P r e s s , p. 157 (1957). 
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4. F a s t N e u t r o n Hodoscope 

T e s t i n g at T R E A T was c o m p l e t e d with the p r o t o t y p e , 5 0 - c h a n n e l 
a s s e m b l y of the m u l t i c h a n n e l f a s t - n e u t r o n " c a m e r a " ( s ee P r o g r e s s R e p o r t 
for August 1965, A N L - 7 0 9 0 , p . 69). It h a s been d e s i g n e d to d e t e c t and r e 
cord the ex t ens ive c o h e r e n t mot ion of fuel i n s ide m e l t d o w n loops for c o n d i 
t ions which have been hypo the s i zed for m e l t d o w n - t y p e a c c i d e n t s . Such 
mo t ions cannot be followed by conven t iona l m e a n s , a l though the da ta o b 
ta ined by o ther t echn iques in m o r e i d e a l i z e d e x p e r i m e n t s i s r e q u i r e d to 
ana lyze the loop r e s u l t s . R e s u l t s f rom m o s t of the r e c e n t e x p e r i m e n t s 
have been ana lyzed and d e m o n s t r a t e d that the s y s t e m is c apab l e of m e e t i n g 
des ign ob jec t ives a s wel l a s p rov id ing da ta of s ign i f ican t va lue to the F a s t 
R e a c t o r Safety p r o g r a m . 

Two s i n g l e - p i n s a m p l e s w e r e run in s t a n d a r d t r a n s p a r e n t m e l t d o w n 
c a p s u l e s , and s a m p l e mot ion was followed by both the n e u t r o n hodoscope 
and by a h i g h - s p e e d op t i ca l c a m e r a . P r e l i m i n a r y , nonmel tdown check t r a n 
s i en t s w e r e run be fo re each me l tdown t e s t . In each c a s e , s a t i s f a c t o r y c o r 
r e l a t i o n s w e r e found be tween the hodoscope da ta and the o p t i c a l - c a m e r a 
E k t a c h r o m e - f i l m data , for such p h e n o m e n a a s c o m m e n c e m e n t of s a m p l e 
bending, t i m e of bending, d i r e c t i o n s of bending, and r u p t u r e . F o r t h e s e 
t e s t s , s i g n a l - t o - b a c k g r o u n d r a t i o s - 7 : 1 w e r e a c h i e v e d by m e a n s of a 9% 
e n r i c h e d E B R - I I pin. 

A sodium package loop, loaded with a s ingle 6% e n r i c h e d E B R - I I pin 
ins ide a c l u s t e r of s ix dummy p ins , a l so was s tudied with the h o d o s c o p e . In 
th i s c a s e , the s i g n a l - t o - b a c k g r o u n d r a t i o was only ~ 2 . 5 : 1 , a d e q u a t e for 
d e n s i t o m e t r i c m e a s u r e m e n t s , as wel l as v i sua l r ecogn i t i on of g r o s s e f fec t s . 

Work is now underway on r eadou t t e c h n i q u e s , i n c o r p o r a t i o n of i m 
p r o v e m e n t s b a s e d on da ta f rom the r e a c t o r t e s t s , and on d e s i g n of the s y s 
t e m for ex tens ion to a full c o m p l e m e n t of ac t ive c h a n n e l s . 

5. F a s t R e a c t o r Safety 

a. Coolant (Water) Expu l s ion S tud ie s . The f i r s t s e r i e s of e x p e r i 
m e n t s on wa te r expuls ion has s t a r t e d . T h e s e a r e i nves t i ga t i ng effects of 
ene rgy r e l e a s e r a t e and i n e r t i a l loading on coolant expu l s ion and p r e s s u r e 
g e n e r a t i o n in wa t e r conta ined in an annu lus of 1 9 . 0 5 - m m ID and 2 5 . 4 - m m 
OD. In the 79 e x p e r i m e n t s that have been conducted , the e n e r g y input was 
v a r i e d f rom 0.44 to 2.96 k W - s e c ( r e l e a s e d in 85 to 148 m s e c ) , and the 
height of wa te r above the 2 5 . 4 - c m - l o n g hea ted tube was v a r i e d f rom 0 to 
25.4 c m . The wa t e r p r e s s u r e , tube t e m p e r a t u r e , pos i t ion of the l iqu id -
vapor i n t e r f a c e , vol tage d r o p a c r o s s the t e s t sec t ion , and the c u r r e n t flow 
w e r e m e a s u r e d . 
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The magnitude of the pressure transients appears to be inde
pendent of the m a s s of water (in the range investigated) but is proportional 
to the energy input. Typical p ressure pulses measured were 1.97 atm with 
an energy input of 1.767 kW-sec in 96 msec and 3.33 atm with an energy 
input of 2.304 kW-sec in 91 msec . In both cases , the initial water tempera
ture was 22°C. High-speed motion pictures taken of the liquid-vapor inter
face have not yet been interpreted. 

After 79 experiments, the thin-wall (0.127 mm) test section was 
damaged. The equipment was torn down and rebuilt. While the equipment 
was down, improvements were made on the lighting for photographic pur
poses; also, an additional thermocouple was placed in the water with suit
able c i rcui t ry to facilitate fast-response recording. 

b. Superheat Experiments . It is planned to measure the degree of 
liquid superheat required to initiate nucleate boiling in sodium under various 
conditions simulating a reactor environment. Typical parameters will be 
varied systematically to determine their independent and combined effects 
on the liquid superheat necessary to initiate nucleation. The parameters to 
be covered a re : (a) p re s su re in the range from 50 Torr to approximately 
2 5 atm; (b) effects of dissolved gas, such as argon and helium; (c) heat flux 
in the range of approximately 5 x l O ^ o 5 x 10^ Btu/hr-f t^ and (d) surface 
charac te r i s t i c s . 

The test apparatus is being constructed of 316 stainless steel. 
This apparatus consists of a pool boiler pressur ized by an inert-gas blanket, 
fioth argon and helium gas blankets will be utilized to aid in the deternnma-
tion of the effect of liquid metal containing soluble cover gas upon the degree 
of liquid superheat required to initiate nucleate boiling. Testing will be per
formed at t empera tu res ranging up to 1700°F. 

6. Fas t Reactor Control 

a Stability Analysis of Nuclear Power Reactors for Finite Size 
Disturbances. Two general types of t reatments are available for the Jt^bU-
ity analysis of nuclear r eac to r s . In one, a linear model of the reactor is 
analyzed to obtain c r i t e r i a for the local stability of the ° P - ^ -^^P^-^^f;-
The other deals with the global stability of the reactor; the heat- transfer 
equations a re taken to be l inear, and the only - " l - ^ ^ ^ ^'^^'^J^^^^.^^^.^;,,, 
that due to the multiplying media in the reactor , ^ ^ ^ °^^^^^"^"^/ / ; ; !"^ ' ° ' 
global stability. The c r i t e r i a for global stability might be -""^cessar^Uy 
res t r ic t ive , since disturbances of infinite size a re not expected during nor
mal operation; therefore, a cr i ter ion which gives the stability conditions for 
a disturbance of finite size is sought. These c r i t e r ia hopefully will be less 
res t r i c t ive , since a reactor might be globally unstable .but stable m a certain 
finite region, G, in the vicinity of the operating point Xo. i-e-, if 2i(to) eG, then 
X(t) - 2io as t - «=. 
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The stability cr i te r ia obtained so specify the "s ize" of the r e 
gion of attraction G of the point 2£o and its relation to the reactor power 
level. 

b. Space-Time Reactor Dynamics. In conjunction with the coupled 
reactor kinetics equations, the space-t ime effect of the flux distribution of 
the entire reactor due to the motion of one or more control rods has to be 
determined first before the stability analysis and control-system design 
can be made. 

/ • 

In order to have a more accurate description of the control rods 
effect, the rod motion is considered as the change of the nuclear pa ramete rs 
in the reactor equations, i.e., (^5) Z^, Z^. With this assumption, the mult i-
group equations have coefficients which are functions of space and t ime. 

As a typical example for a three-dimensional case, the absorp
tion cross section Z^(x, y, zt) may be written as 

" a i + 2 , 
-Sgn[z-f{x,y, zi(t),z,(t), . . . . Zs(t)}], 

where Zaj and Z^^ are the absorption cross sections of the reactor with and 
without the control rod, respectively. Sgn is a function which is " + 1" if z < f 
and " - 1 " if z < f, and f{x, y, Zi(t) Zs(t)} is defined as 

f{x, y,Zi(t), ..., Zs(t)} = zk(t) when-^ 
X k =s X f= X k 

L^k ^ y 

0 otherwise 

1, 2, ..., s 

where 

s is the total number of control rods in the reactor 

Z]^(t) is the time motion of the kth control rod 

Xj^, Xk 

yk. Yk 

are the space coordinates where the kth control rod 
is located. 

The exact solution of the group equation with such paramete rs are obviously 
improbable, if not impossible. 
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An infinite ser ies solution, consisting of the eigenfunctions of 
the steady-stalje reactor equation with stationary rods and undertermined 
coefficients which would be functions of time and rod motion, is possible. 
The determination of these coefficients may not be simple. If the ser ies is 
truncated, a simpler class of equations would be obtained. The choice of the 
set of functions will depend upon the following considerations: (l) the bound
ary conditions of the reactor equation; (2) whether the set is orthogonal and 
complete; and (3) the rate of convergence to the true solution. In general, if 
such a set of functions is chosen, the flux can be written as 

0{='.y.zi(t) Zs(t)} = Z "ijk*ijk-
ijk / 

If we substitute this expression into the reactor equation and apply the or
thogonal property of the set, i.e.. 

I ^iik^lmn^v = ^il^jm^kn. 

the reactor equation is reduced to a set of ordinary differential equations: 

Ulmn = Z AT Uijk. 
ijk 

where 

4T = Al?5"[z.(t), Z,(t) Z3(t)]. 

At this point, the stability analysis and control-system design 
is made in the so-called modal approach with respect to this set of equa
tions instead of the original par t ia l differential equations. However, it is 
also possible to find the solutions of the flux distribution as functions of 
zk(t) and evaluate the coupling coefficients, which will also be functions of 
the control var iables [zk(t)]. The choice is a rb i t rary . 

• w e i n -This approach can also be applied to nonlinear cases if • 
elude the heat t ransfer and hydrodynamics equations, ^he nuclear pararn 
e te rs will be functions of other dependent variables as well, and the resultant 
ordinary differential equations will likely be nonlinear, but the application to 
stability analysis and control -sys tem design will remain the same. 
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B. TREAT 

1. Operations 

Metal-water reaction samples CEN 210 through 213 of High Flux 
Isotope Reactor fuel were irradiated. Three were tested in water initially 
at 120°C and one in water at room temperature . 

An EBR-II type pin in a package sodium loop was subjected to a 
transient designed to fail the pin in flowing sodium. Data from the fast neu
tron hodoscope was recorded during this experiment (see Section IV.A.4). 

Fuel sample C-3-E, a mixed Pu-U oxide sample i r radiated to a burn-
up of 63,000 MWD/mT prior to the transient irradiation was subjected to a 
transient irradiation for the General Electr ic Company. 

2. Large TREAT Loop 

The large TREAT loop is in its final phase of construction. The 
assembly of the out-of-pile portion of the loop is proceeding in Idaho. The 
remaining components still being fabricated are : 

1. Lower portion of test section 

2. Test section header 

3. Test section liner 

4. Surge suppressor 

5. Crossover bellows for horizontal pipe runs over reactor core 

6. TREAT dummy elements 

7. Cover-gas system parts 

8. Leak-detector drip grids. 

The lower portion of the test section is being prepared for the in
stallation of the pressure transducer housings. Although difficulties were 
encountered in initial attempts, the Conoseal flanges have been welded to 
the header for the test section, which is now 90% complete. 

Fabrication of the Zircaloy liner has started at Dress ie r Products 
Company. The liner will isolate the test section and contents from the core 
so that spilled sodium will not contact the TREAT fuel elements. 

As the surge suppressor is approaching the final phase of construc
tion at the Keller Products Company, radiographs of the circumferential 
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tank weld disclosed incomplete weld penetration. Although rectification of 
this defect will delay delivery about two weeks, the overall schedule for 
completing the loop will not be greatly affected. 

The Fulton-Sylphon Corporation has mailed radiographs of c r o s s 
over bellows welds for examination at the Laboratory. 

TREAT dummy elements, which will fill the void region surround
ing the core , have been completed and are in storage pending shipment to 
Idaho. 

The gas system has been revised to provide space for pipe support 
and to accommodate thermal expansion. All the major gas-system compo
nents, including valves, gauges, regulators , and pressure switches, are on 
hand. They are being tested for operation and helium leaktightness before 
shipment to Idaho. 

Circuit components for the sodium leak drip-grids have been con
structed. The gr ids , which will be the last units to go into place, will be 
located along sensitive loop a reas . 

Welding of the main 3-in. piping system for the large sodium loop 
was completed and leak testing of the system is in progress . Recent design 
changes in the blanket-gas system will cause a delay in completion of the 
loop because delivery of additional components is not scheduled until the 
last half of October. 

C. Chemical and Associated Energy-transfer 
Problems in Reactor Safety 

1. Metal-Water Reactions 

a C . . 1 . . . P Metal-Water Experiments in TREAT with UO,-core 
Fuel Clus ters . Current metal-water reactions in TREAT have utilized 
9-pin c lus ters of UO,-core fuel clad with either Zircaloy-2 or 304 stain 
less steel. The pins were 0.42 in. in diameter by 5 | m. ^ - g - J f "^^^ 
weight of UO^ core mate r ia l in each of the experiments was about 750 g^ 
Tn an experiment, the fuel pin cluster , submerged in water and contained 
in an autoclave, is subjected to a transient burst of neutrons m TREAT 
T h r f i s s t n heat gener l ted in the enriched core of the fuel - u s e s me tdown 
of the test pins. After the transient , the hydrogen evolved is measured by 
means of admass spect rometer , and from this result the extent o reac ion 
of cladding metal with water is computed. Sieve-screen analyses ^re also 
^ a d e on the residues from the fragmented fuels, and the mean partic e size 
is calculated from the part icle size distribution (see Progress Report tor 
January 1965, ANL-7003, p. 76). 



F i g u r e 23 is a pho tog raph of a 9-p in , UO^-co re fuel c l u s t e r in 
i t s o r i g i n a l condi t ion . F i g u r e 24 is a p h o t o g r a p h of the c l u s t e r a f t e r a 

pu l s ed i r r a d i a t i o n in T R E A T ; the a p p e a r a n c e 
of the r e s i d u e is t yp ica l of both Z i r c a l o y - c l a d 
and s t a i n l e s s s t e e l - c l a d fue l s . B u r n u p a n a l y 
s e s p e r f o r m e d on e a c h of the ten p e l l e t s in a 
U O j - c o r e pin which had r e m a i n e d i n t a c t d u r i n g 
a T R E A T t r a n s i e n t have shown tha t the i n t e r n a l 
hea t g e n e r a t i o n is r e a s o n a b l y u n i f o r m o v e r the 
length of the pin excep t for the end p e l l e t s . 
Th i s effect is c a u s e d by s e l f - s h i e l d i n g . The 
r e s u l t s of the b u r n u p a n a l y s e s a r e s u m m a r i z e d 
in Tab le XXI. 

The da ta f rom the four UO^-co re s c a l e -
up e x p e r i m e n t s which have b e e n c o m p l e t e d to 
da te a r e shown in Tab le XXII. Two of the e x 
p e r i m e n t s u t i l i zed Z i r c a l o y - c l a d s p e c i m e n s ; 
the o the r two, s t a i n l e s s s t e e l - c l a d s p e c i m e n s . 
No exp los ive p r e s s u r e r i s e s w e r e o b s e r v e d for 
e i the r type of c ladd ing m a t e r i a l . 

In e a r l i e r s t ud i e s in T R E A T , e x p e r i 
m e n t s w e r e p e r f o r m e d with s ing le U O ^ - c o r e 
p ins c lad with Z i r c a l o y - 2 and with s t a i n l e s s 
s t ee l ( see P r o g r e s s R e p o r t s for J u n e and 
S e p t e m b e r 1964, A N L - 6 9 1 2 , p . 90, and 
ANL-6944 , p . 82). In the s t u d i e s with U O ^ - c o r e 
fuel, the s c a l e - u p e x p e r i m e n t s u t i l i zed a p p r o x 
i m a t e l y 150 t i m e s a s m u c h c o r e fuel m a t e r i a l 
a s did the s i n g l e - p i n e x p e r i m e n t s . In F i g s . 25 
and 26 the ex ten t s of m e t a l - w a t e r r e a c t i o n s in 
the p r e s e n t e x p e r i m e n t s a r e c o m p a r e d with the 
r e s u l t s of e a r l i e r e x p e r i m e n t s with s ing le s m a l l 
p ins . The ex ten t of r e a c t i o n with s t a i n l e s s s t e e l 
is s l ight ly h ighe r for the fue l -p in c l u s t e r s than 

for s ingle p in s , w h e r e a s the extent of r e a c t i o n with Z i r c a l o y i s s l igh t ly 
lower . However , t h e s e d i f f e r ences a r e within the p r o b a b l e l i m i t s of r e p r o 
ducibi l i ty of the i n - p i l e , t r a n s i e n t t e s t s . The c o m p a r i s o n i n d i c a t e s tha t 
t h e r e i s no m a r k e d change in the extent of m e t a l - w a t e r r e a c t i o n upon fuel 
me l tdown when a n i n e - p i n c l u s t e r i s used i n s t e a d of a s ingle pin. T h i s , 
t h e r e f o r e , lends add i t iona l conf idence in the app l i ca t i on of t h e s e r e s u l t s to 
the behav io r of a c t u a l r e a c t o r c o r e s . 

Fig. 23 
9-Pin Fuel Cluster before Meltdown 
in TREAT. (U02-core, Type 304 
stainless steel-clad fuel elements. 
Pin dimensions: 0.42 in. dia by 
5-5/8 in. long.) 

F u t u r e s c a l e - u p e x p e r i m e n t s wil l i n c o r p o r a t e two m a j o r 
changes : ( l ) the r e a c t o r t r a n s i e n t will be a "flat top" r a t h e r than a pulse,^^ 

In a "fiat top" transient, fission heating remains reasonably constant for a period of about 10 sec. In a 
pulsed transient, the time scale for heating is about 1 sec, with a Gaussian-shaped power-time heating 



a n d (2) t h e s a m p l e w i l l b e l o c a t e d a b o v e t h e w a t e r r a t h e r t h a n s u b m e r g e d . 

T h e s e c o n d i t i o n s w i l l s i m u l a t e c e r t a i n a s p e c t s of a l o s s - o f - c o o l a n t a c c i 

d e n t , w h e r e a s p r e v i o u s e x p e r i m e n t s h a v e s i m u l a t e d p o w e r e x c u r s i o n s . 
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Fig. 24 
9-Pin Fuel Cluster after 
Meltdown in TREAT. 
(U02-core, Type 304 
stainless steel-clad fuel 
elements.) 

TABLE XXI Axial Distribution of Neutron Flux in 10-pellet, UO^-core Fuel Pin 
for Scale-up Experiment in TREAT (CEN-ZOZS) 

Neutron Flux 
Pellet Number Vertical Position (cal/g UO2) 

Top 306 
238 
230 
236 

Neutron Flux 
Pellet Number Vertical Position (cal/g UO2) 

9 
10 

250 
250 
244 
248 
253 
300 

TABLElf f l . Summary of UOj-core, Metal-clad, 9-pm Scale-up Experiments in TREAT 

4. 20 psia helium atmosphere above the water. 

CEN-TREAT TransienI Number 

202 S 203 S SS 209 5 

Period, msec 

Integrated power, MW-sec 

Peak power, MW 

Energy, calfg IIO2 

Peak pressure, psig 

Cladding 

Extent of reaction of metal 
cladding with water, % 

Fuel appearance after transient 

117 

202 

S08 

2 » 

54 

Zr-2 

Cladding started 
to melt 

u 
373 

1225 

463 

223 

SS-304 

24 

agmentation 

87 

382 

1145 

475 

no 
SS-304 

23 

Complete 
fragmentation 

87 

391 

1190 

485 

304 

Zr-2 

24 

Complete 
fragmentation 
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Fig. 25. Results of Meltdown Experiments in TREAT 
with U02-core, Type 304 Stainless Steel-
clad Fuel Pins Submerged in Water 
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Fig. 26. Results of Meltdown Experiments in TREAT 
with U02-core, Zircaloy-2-clad Fuel Pins 
Submerged in Water 
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